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L  INTRODUCTION 

In  the  present  research  two  distinct  methods  are  employed  in  the 
investigation  of  the  partition  of  energy  in  the  spectrum  of  a  uni- 
formly heated  inclosure  or  so-called  black  body.  These  methods 
employ  (i)  "isothermal"  and  (2)  " isochromatic"  energy  meas- 
urements. 

Owing  to  unavoidable  delays  in  assembling  all  the  apparatus 
for  making  the  measturements  at  the  highest  temperatures,  using 
a  vacuum  ftunace,  the  intention  of  withholding^  all  the  data 
until  the  completion  of  this  investigation  has  now  been  abandoned. 
The  present  paper  deals  primarily  with  the  form  of  the  isothermal 
spectral  energy  curve,  extending  to  about  6.5/i,  and  with  the 
mathematical  equation  representing  this  energy  distribution.  An 
exact  knowledge  of  the  form  of  the  spectral  energy  curve  is  neces- 
sary in  order  to  determine  whether  the  computations  of  the  con- 
stants should  be  made  on  the  basis  of  the  Wien  or  the  Planck 
equation.  To  obtain  this  isothermal  spectral  energy  curve  the 
temperature  of  the  radiator  must  be  kept  constant  while  exploring 
the  complete  spectrum.  In  the  isodiromatic  method,  energy 
measurements  are  made  in  a  selected  region  of  the  spectrum,  using 
two  or  more  different  temperatures. 

In  a  subsequent  paper  it  is  purposed  to  give  what  is  hoped  to 
be  more  precise  values  of  the  constants  of  spectral  radiation, 
determined  by  the  method  of  isochromatic  energy  curves  (also 
isothermals,  obtained  with  quartz  and  with  fiuorite  prisms), 
which  method  apparently  admits  of  a  higher  precision  when  the 
form  of  the  energy  curve,  and  hence  the  basis  of  computation  have 
been  established. 

It  has,  of  course,  been  realized  all  along  that  the  method  of 
obtaining  the  constants  from  the  isothermal  energy  curves  is  sub- 
ject to  numerous  difficulties,  owing  to  atmospheric  absorption  in 
the  apparatus.  But  it  has  favorable  features  not  possessed  by  the 
method  of  isochromatics,  and  it  is  hoped  that  it  will  be  possible 
to  place  the  entire  optical  path  and  radiator  in  vacuo,  in  order  to 

1  As  itatod  in  J.  Wash.  Acad,  Sd.,  S.  p.  xo;  19x3.  This  is  an  abatnct  of  the  data  and  manuscriiit 
oompiled  to  Dec.  It.  xgza.  Themeanvalueof  C  as  gircn  here  for  the"  x^xx"  series  is  high,  owinf  to  the 
large  percentage  d  cunres  that  were  observed  at  high  temperatures  where  the  correction  for  reducing  the 
temperatures  above  X400*,  observed  with  a  thermoffoiiple,  to  tlie  gas  thermometer  scale  was  about  4*  Imiw 
than  is  emplojrcd  in  the  present  paper. 
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obtain  the  spectral  energy  curve  free  from  atmospheric  absorption 
bands.  This  will  be  the  crucial  test  to  determine  the  form  of  the 
energy  curve.  One  of  the  causes  of  disagreement  in  the  results 
obtained  by  present-day  experimenters  is  owing  to  the  method  of 
computation  (Planck  or  Wien  equations)  employed  in  the  reduc- 
tion of  the  observations.  With  the  optical  path  in  a  vacuum 
there  is  no  objection  to  having  a  focal  length  of  several  meters  for 
the  objective  mirror,  thus  increasing  the  dispersion  and  hence 
removing  one  of  the  present  objections  to  the  use  of  a  fiuorite 
prism.  This  is  especially  desirable  when  working  at  high  tem- 
peratures. Using  a  larger  dispersion  it  will  be  possible  to  deter- 
mine the  constants  with  greater  precision  by  both  the  isothermal 
and  the  isochromatic  curves.  This  no  doubt  will  require  a  rede- 
termination of  the  refractive  indices  of  fiuorite. 

It  may  seem  somewhat  belated  to  question  the  prevailing 
notion  that  the  form  of  the  spectral  energy  curve  has  been  thor- 
oughly established.  However,  when  one  inquires  thoroughly  into 
the  matter  it  is  found  that  there  is  hardly  a  single  piece  of  experi- 
mental work  that  stands  the  present-day  criteria  for  deciding 
whether  either  one  of  the  formula,  Wien's  or  Planck's,  fits  the 
experimental  observations.  In  the  earlier  work  of  Paschen,'  the 
Wien  equation  seemed  to  agree  with  the  experimental  results. 
However,  viewed  from  present-day  experience  this  was  probably 
owing  to  the  lack  of  blackness  of  the  radiators,  and  the  presence  of 
atmospheric  absorption  which  would  seriously  affect  the  shape  of 
his  energy  curves  obtained  at  low  temperatures  (100®  to  500°  C). 

The  results  published  by.Lummer  and  Pringsheim '  showed  that 
the  theoretical  formula  of  Wien  did  not  fit  the  experimental  curve 
and  a  more  complicated  formula  ^  was  published  which  fitted  the 
experimental  data  at  hand  when  using  a  certain  dispersion  curve 
of  fiuorite.  This  curve  now  appears  to  be  incorrect;  hence  the 
formula  is  incorrect.  In  a  subsequent  paper  they*  tested  the 
Planck  as  well  as  the  Wien  ec[uation  for  the  spectral  region  of 
12/1  to  i8/i  and  concluded  that  neither  of  these  formula  fit  the 
experimental  observations.    Subsequent  to  this  work,  Paschen* 

*  Fuchen:  Sitzber.  Akad.  Wiss.,  Berlin,  81.  pp.  403. 959;  1899. 

*  Luimner  and  Prlngshdm:  Verh.  Phys.  GeieU..  1,  pti.  33.  2x5;  1899. 

*  Lonmier  and  Jahnke:  Ann.  der  Phys.  (4).  S,  p.  983;  X900. 

»  Lununer  and  Princsheim:  Verh.  Phys.  Gcsell..  S.  p.  163;  1900. 
*Paachen:  Ann.  der  Phys.  (4),  4,  p.  977;  Z90Z. 
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pablished  data  purporting  to  prove  that  the  Planck  equation  fitted 
the  observed  energy  curves,  but,  as  will  be  mentioned  elsewhere, 
this  was  made  decisive  by  multiplying  the  observed  curves, 
beyond  3.9^1  by  arbitrary  factors,  which  did  not  appear  to  seri- 
ously affect  the  computations  of  the  constants.  The  comments 
made  at  that  time,  by  Lummer  and  Pringshdm,^  were  to  the  effect 
that  the  results  were  not  a  satisfactory  proof  of  the  Planck 
equation. 

About  the  only  precise  work  done  at  that  period  was  that  of 
Rubens  and  Kurlbaum,*  who  examined  the  residual  rays  (9  to 
50/1)  reflected  from  quartz,  fluorite,  and  rock  salt,  the  radiator 
being  heated  to  various  tempoutures  from  — 188^  to  + 1500^  C. 
They  found  a  closer  agreement  between  the  experimental  observa- 
tions and  the  values  obtained  by  computation  using  Planck's 
equation  than  obtained  with  any  of  the  other  f ormube  tested,  but 
there  was  not  an  exact  agreement. 

While  the  Planck  formula  was  therefore  fairly  well  proven 
experimentally  for  the  extremely  long  wave  lengths,  and  therefore 
presumably  for  the  intervening  spectral  r^on,  there  was  evi- 
dentiy  room  for  experimental  woric  on  the  determination  of  the 
exact  form  of  the  spectral  energy  in  the  r^on  transmitted  by  a 
fluorite  prism,  viz,  from  the  visible  spectrum  to  6^  in  the  infrxi-red. 

The  most  definite  statement  that  can  now  be  made  is  that  the 
Planck  equation  fits  the  experimental  observations  better  than 
any  other  equation,  which  is  also  based  upon  plausible  theoretical 
assumptions.  But  we  do  not  know  with  certainty  whether  the 
theoretical  curve  will  be  found  to  ccnncide  exactiy  with  a  perfect 
experimental  energy  curve.  Planck's  introduction  of  the  expres- 
sion (e^  —  i)"*  instead  of  er*,  which  occurs  in  the  Wien  equation, 
raises  the  emissivity  on  the  long  wave-length  side  of  the  spectral 
energy  curve,  thus  bringing  it  closer  to  the  observed  curve.  How- 
ever, some  of  apparently  the  best  experimental  curves  (judged 
by  the  method  of  computation  of  X^  from  equation  (6)  which 
should  give  uniform  values)  seem  to  fall  somewhat  below  the 
theoretical,  Planck  curve,  for  the  r^;ioa  beyond  5.5/^,  just  as 
though  the  true  formula  were  something  lying  between  the  Planck 

T T^mniin  mad  jprlirnhfim  Ana.  der  Phys.  (4). ••  p.  19a  (sm p.  aio);  lyot. 
*Ftihmt  and  Knrltaam:  Ana.  der  Phys.  p.  (4}.  4  p.  <49, 19M. 
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and  the  Wien  equations  and  having  a  factor,  say  (e*— 0.8)"^ 
instead  of  {e^  —  i)"^.  Just  how  much  of  this  depression  of  the 
observed  curve,  below  the  theoretical  curve,  is  caused  by  atmos- 
pheric water  vapor  can  not  be  determined  without  an  elaborate 
outfit  from  which  the  water  vapor  and  air  can  be  entirely  removed. 
Not  until  then  can  this  question  of  the  form  of  the  mathematical 
equation  be  definitely  settled. 

IL  SPBCTRAL  RADUTION  FORMULAS  AND  MSTHODS  OF  COMPUTATION 

OF  THB  FORMULAS* 

The  great  mass  of  theoretical  speculations,  now  at  hand,  seem 
entirely  out  of  proportion  to  the  slender  experimental  data  upon 
which  they  are  based.  It  is  therefore  desirable  to  proceed  to  the 
discussion  of  the  present  experimental  research  without  further 
reference  to  theory. 

In  the  previous  researches  already  dted  the  position  of  the 
maximum  emission,  X«,  of  an  isothermal  spectral  energy  curve 
appears  to  have  been  computed  by  taking  the  wave  lengths,  \ 
and  X,,  corresponding  to  equal  emissivitiesi  £1  -£„  on  the  normal 
spectral  energy  curve.    The  formula  used  for  computing  X^  is: 

^     QogX,-log\)  W 

^'       (\-\)loge  ^'^ 

which  is  obtained  directly  from  the  Wlen  equation. 

£a-CX-^-^'  (2) 

The  Wien  displacement  law,  which  is  the  mathematical  expression 
for  the  shifting  of  the  maximum  emission  toward  the  shorter  wave 
lengths,  with  rise  in  temperature,  is: 

XmT^A  (a  constant).  (3) 

The  important  spectral  radiation  constant,  in  equation  (2)  useful 
in  optical  pyrometry,  etc.,  is: 

C'-aX^T  (4) 

in  which  the  value  of  or  —  5. 


'laerdcrtohATCAooaTeiilaitasidxircdic  iioiiiriw'totqre, th< JolkwrtBt ■ymbclt f< laed:  A  htiimmsT; 
im  to  Ams;  Ckrtttd  toner  pvbliarttou;  r  to  the  ooeffidcot  ol  toUl  ndtettoi. 
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There  are,  of  course,  other  methods  for  determining  the  radia- 
tion constant,  C;  but  for  the  purpose  of  the  present  investigation 
it  seemed  better  to  obtain  a  great  many  computations  of  this  con- 
stant, from  the  most  reliable  parts  of  an  isothermal  spectral 
energy  curve  (which  is  possible  with  equations  (i)  and  (6))  than 
to  attempt  to  determine  C  from  a  determination  of  the  slope  of  an 
iso-chromatic  curve.  Isochromatic  energy  measmements  were,  of 
course,  also  made  with  the  same  apparatus,  but  fluorite  is  not 
well  adapted  for  the  purpose.  Ftuthermore,  since  the  computa- 
tion of  that  data  is  incomplete,  the  discussion  of  the  results  will 
be  given  in  a  forthcoming  paper,  as  already  mentioned.  At 
present  this  procedure  of  obtaining  mainly  isothermal  curves 
seems  the  best  that  could  have  been  followed,  considering  the 
difficulties  which  arise  in  operating  a  vacuum  bolometer  and  main- 
taining it  at  a  constant  radiation  sensitivity. 

Prom  the  beginning  it  was  found  that,  when  computing  X»  by 
equation  (i),  the  values  usually  decreased  uniformly  when  \  and 
X,  were  taken  at  equal  ordinates  (emissivities,  Ejn  =Sjb)  which  were 
far  apart,  to  a  fairly  constant  value  for  \  and  X,  taken  close 
together.  This  condition  had  not  been  mentioned  by  previous 
investigators.  Hence,  when  the  first  announcement  was  made  ^* 
of  the  progress  in  the  present  investigation  (recorded  in  the  present 
paper  as  "  series  of  1909  ")  no  values  of  the  constants  were  given 
other  than  the  general  statement  that  the  constant  A ,  in  equation 
(3)  seemed  to  be  as  high  as  any  value  that  had  been  published  at 
that  time.  This  high  value,  as  is  now  evident,  was  owing  partly 
to  the  method  of  computation  by  equation  (i).  There  was  also 
evidence  that  radiation  could  come  from  the  cooler  parts  of  the 
porcelain  radiator,  which  became  soft  and  sagged  when  operated 
at  high  temperatures.  This  would  also  tend  to  give  too  high 
values  to  the  constants,  and  the  work  was  undertaken  anew. 

It  was  then  decided  to  compute  the  value  of  X^  from  Planck's 
equation 

£i-c,X-(eV^^-i)-»  (5) 

on  the  asstmiption  that  the  observed  curve  fits  the  theoretical 
curve,  which  is  now  found  to  be  true  for  about  80  per  cent  of  the 

1*  Amer.  Phyt.  Soc.  Proc..  Apr.  36. 1909;  Phyf.  Rev.,  28,  p.  466, 1909. 


oMmu^  Constants  of  Spectral  Radiation  7 

experimental  curves.  The  value  of  X^  is  easily  derived  ^^  from 
equation  (5)  by  equating  Eii^E}^,  and  for  the  complete  solution 
it  is: 

flr(log\-logXt)Xt\     XtX,[log(i  -e~^^^'^)  -log  (i  -/^^^  )]. 
'^"      .^'(X,-Xjloge  aW^\)\oze  ^^^ 

The  second  term  in  this  equation  can  usually  be  abbreviated, 
since  terms  involving  \  are  usually  negligible.     For  values  of 

X,  which  are  less  than  4/*  the  term  log  (i  —e'  )  may  be  expanded 
into  a  series  "  and  (by  dropping  all  terms  but  the  first)  be  used  in 

the  form  —e  I  loge.  In  this  equation  a'  — 4.9651  and 
C'^a^XmT.  It  may  be  noticed  that  an  approximate  value  of  C 
is  necessary  in  order  to  obtain  a  solution  for  the  second-term 
factors  in  equation  (6).  This  may  be  obtained  by  solving  for 
\m  by  using  only  the  first  term  in  equation  (6).  All  the  final 
results  of  the  present  research  have  been  reduced  by  using  a  value 
of  C»  14500  in  computing  the  value  of  the  second  term  in 
equation  (6) .  However,  in  computing  the  \m  from  any  spectral 
energy  curve,  a  value  of  C=»  14  400  would  decrease  the  mean  value 
of  \m  by  only  about  0.005/*,  for  the  temperatures  at  which  the 
present  investigations  were  made. 

In  case  one  can  not  observe  the  complete  energy  curve — as, 
for  example,  when  using  a  quartz  prism  which  absorbs  heavily 
beyond  2.2/* — ^it  is  possible  to  compute  the  value  of  X^  from  the 
Planck  equation  by  reducing  the  observed  energy  curve  to  the 
normal  spectrum  and  taking  from  the  energy  curve  the  values  of 
El  at  \  and  Em-    The  proper  equation  is: 

£m"\x/[i^56Sorr7)  w 

u  Fhys.  Rev.,  tit  p.  591,  xqiz.  Unfortitiuttdy,  as  first  imbtished  (Phys.  Rev.,  tt.  p.  S53*  i909>  <uid 
Jahrb.  RacUoaktivitat,  7.  p.  xay,  19x0),  this  solution  contained  numerotis  typographical  errors.  Altliough 
never  so  ttsed,  the  second  term  was  then  published  in  a  more  symmetrical  form,  which  is,  however,  more 
cumbersome  for  some  methods  of  oomputatloa.  The  statement  in  a  subsequent  note  (Phys.  Rev.,  81, 
P-  Jt7t  19x0)  that  this  method  of  computation  is  illusory  in  spite  of  its  applicability  is  erroneous.   After 

riitnJM^Iwjf  ^«  »rmr  Jn  *h^  tii«m^ri<*al  r«lrn1ttrtmi«,  ttiJa  mgfrhnH  nf  tymipattaHnn  Im  finw  foMmH  tn  he  thm  only 

one  which  gives  conoofdaat  results. 

13  This  is  shown  in  a  paper  by  Bu<&ingham  and  Dellinger,  this  Bulletin,  7,  p.  393,  Z9zz.  In  practice, 
however,  it  is  found  that  such  approodmate  solutions  are  inadcQuate  for  wave  lengths  greater  than  3.7  to 
4.«iu  and  there  is  but  little  time  saved  in  so  using  the  formula. 
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This  equation  appears  to  be  well  adapted  when  using  a  large  dis- 
persion, as,  for  example,  when  using  a  quartz  prism;  but  the  tem- 
peratures must  be  sufficiently  high  so  that  the  Em  does  not  fall  in  the 
region  beyond  2.2/1  where  quartz  begins  to  absorb  heavily.  This 
equation  is  not  well  adapted  to  a  fluorite  prism,  owing  to  the 
steepness  of  the  energy  curve  on  the  short  wave-length  side,  where 
one  would  want  to  use  it,  and  also  owing  to  the  fact  that,  at  the 
temperatures  usually  employed  in  the  present  research  the  £m 
usually  falls  in  the  region  of  atmospheric  absorption  bands  or  in 
the  region  of  i  .6/a  where  the  dispersion  curve  of  fluorite  has  a  point 
of  inflection.  The  latter,  as  explained  elsewhere,  makes  it  quite 
difficult  to  determine  accurately  the  factors  for  reducing  the 
observations  from  the  prismatic  to  the  normal  spectrum.  This 
equation  has  therefore  not  been  used  in  computing  X^  from  the 
ctu-ves  obtained  with  the  fluorite  prism.  With  a  larger  dis- 
persion, as  already  mentioned,  equation  (7)  could  be  used  as  a 
check  on  equation  (6) . 

For  computing  the  constant,  C,  from  an  isochromatic  energy 
curve,  at  any  wave  length,  X,  Planck's  equation  was  used  in  the 
following  form: 

^_(log£,-log£,)XT.T,     {e-^' e-^''')\%T,  ... 

log  «(r,-rj  T,-T,  ^^^ 

where  E^  and  E^  refer  to  the  emissivities  corresponding  to  the 
temperatures  T^  and  T„  respectively.     In  this  equation  the  terms 

log  (i— «"*/  *)  etc.,  which  are  similar  to  the  terms  in  equation 
(6)  are  expanded  in  series  and  only  the  first  term  of  the  expansion 

( —  e  '  '  log  E)  is  used.  As  in  equation  (6)  an  approximate 
value  of  C=«i4  500  is  used  in  applying  the  second  term  cor- 
rection. For  wave-lengths  up  to  i /a  this  correction  term  (to 
the  Wien  equation)  is  small,  being  only  2.1  and  4.3  for  tem- 
perature intervals  of  (Tj-TJ  363^  and  623^,  respectively, 
when  using  Ti«i450.  However,  these  corrections  increase  very 
rapidly  with  wave  length  beyond  i/i,  so  that  at  2/1,  with  the  same 
temperature  intervals  (Ti«i4So;  r2=-i8i3  and  2073^)  the  cor- 
rections to  the  values  of  C  amount  to  168  and  227,  respectively. 
This  explains  the  rise  in  the  value  of  C  with  wave  length  as  found 
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by  Lummer  and  Pringsheim,  who  did  not  use  the  second  term 
correction.  Energy  curves  which  coincide  closely  with  the  Wien 
equation  would  give  tmif orm  values  of  C  with  increase  in  wave 
length,  when  computed  by  using  only  the  first  term  in  equation 
(8),  as  was  found  by  Paschen.  In  their  preliminary  results 
Warburg^*  and  his  assistants  found  that  the  valuie  of  C,  obtained 
from  isochromatics  using  a  quartz  prism,  is  independent  of  the 
wave  length.  On  the  other  hand,  they  found  an  increase  in  C 
with  wave  length  when  using  fluorite  prisms. 

A  geometrical  solution  for  X^  proposed  by  Buckingham  ^^  was 
applied  to  the  series  of  observations  ^  recorded  in  this  paper  as  the 
"  Series  of  1910."  The  computations,  based  upon  this  geometrical 
method  for  applying  the  second  term  correction  factor  in  equation 
(6) ,  do  not  differ  much  from  the  present  computations  in  which 
the  complete  correction  factor  (second  term  in  equation  (6))  was 
applied.  However,  the  geometrical  method  for  appl3dng  the 
second  term  correction  factor  is  not  entirely  free  from  arbitrary 
asstmiptions,  so  that  all  the  herein-described  observations  were 
recomputed  on  the  new  basis  of  equation  (6) ,  with  additional  cor- 
rections for  losses  by  reflection  at  the  prism  faces,  and  the  fluorite 
window  covering  the  bolometer.  These  additional  corrections, 
occurring  as  they  do  on  the  short  wave-length  side  of  the  energy 
curve,  should  and  do  give  somewhat  smaller  values  of  X^  for  the 
1910  series  than  was  obtained  by  the  approximate  solution.  The 
newly  computed  values  of  the  19 10  series  are  in  agreement  with  all 
the  others,  as  ncrw  computed  on  the  basis  of  the  Planck  equation. 
Prom  the  beginning  it  was  felt  of  the  greatest  importance  to 
obtain  an  extensive  series  of  observations,  under  all  sorts  of  con- 
ditions, leaving  the  exact  computation  of  the  results  tmtil  the 
very  last  and  then  computing  all  the  dat^  on  a  uniform  basis. 
Prom  the  results  obtained  this  procedure  seems  amply  justified. 
The  fact  that  the  numerical  values  of  the  constants  are  smaller 
than  the  older  determinations  of  Paschen,  and  of  Lummer  and 
Pringsheim  (and,  for  that  matter,  the  earlier  values  of  the  present 
data,  obtained  by  a  different  system  of  computation,  and  not  in- 

u  Wartnarg,  Rupka.  and  MOller:  Zb.  Instrk..  ti,  p.  134;  Z9za. 

M  Now  incorporated  in  a  paper  by  Bttddngham  mpA  Ddlinger,  tiiis  Bulletin,  9,  p.  393;  191E. 
V  PliyB.Rev.,81f  p.  jz7;  1910.    Jahrb.  Radioaktivitftt  und  BMctixmik.Sf  p. i;  1911.    Themean  valued 
enerfycnrvYsgaveavalucofiW"  a944< 
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eluding  all  the  correction  factors  for  reflection)  need  not  disconcert 
us ;  for  as  noted  elsewhere  the  older  data  are  in  agreement  with  the 
present  values,  when  computed  on  the  same  basis.  Ultimately 
it  may  be  proven  that  the  spectral  energy  curves  fall  between  the 
theoretical  ones  represented  by  the  Wien  and  the  Planck  equa- 
tions which  would  give  higher  values  to  the  constants.  Only  a 
determination  of  the  complete  spectral  energy  curves,  entirely  free 
from  absorption  bands,  will  decide  this  question.  As  already 
mentioned,  this  will  require  the  placing  of  the  entire  optical 
system  in  a  vacuum.  In  the  meantime  it  is  gratifying  to  note  that 
from  75  to  80  per  cent  of  the  spectral  energy  cmves,  obtained  in 
the  present  investigation,  are  found  to  fit  the  Planck  equation 
within  the  experimental  errors  of  observation. 

Other  criteria  might  have  been  used  to  test  the  validity  of  the 
Planck  equation;  for  example,  the  increase  in  the  maximum 
emission  (Em  »  BT*)  with  rise  in  temperature.  But  this  involves 
uncertainties  owing  to  the  maximum  emission  shifting  into  atmos- 
pheric absorption  bands,  variation  in  the  radiation  sensitivity  of 
the  apparatus,  etc.  Furthermore,  it  puts  the  burden  of  the  proof 
upon  the  temperature  and  not  the  radiation  measurements.  The 
computation  of  \m  by  equation  (6)  is  less  arbitrary,  for  it  permits 
the  selection  of  the  best  parts  of  any  given  energy  curve,  where 
there  are  no  absorption  bands;  and  the  number  of  computations 
on  any  curve  is  limited  only  by  the  patience  one  has  in  making 
them.  It  certainly  speaks  well  for  the  method  (by  equation  (6)) 
that  values  X^  computed  from  values  of  \,  extending  from  2.5/1  to 
5.5/A,  are  in  agreement  to  i  part  in  200,  as  was  often  fotmd  when 
the  energy  curves  were  sufficiently  free  from  absorption  bands  to 
permit  computation  in  the  doubtful  region  at  2.5/1.  No  computa- 
tions were  made  by  bridging  over  absorption  bands,  and  then  read- 
ing values  of  Xi  or  X,  falling  therein.  Owing  to  the  great  number 
of  energy  etudes,  most  of  which  have  been  recomputed  and  re- 
drawn during  the  past  six  months,  it  was  not  possible  to  spend 
any  length  of  time  in  stud3dng  the  curves.  This  might  have  pro- 
duced a  series  of  values  which  differ  less  from  the  mean  value. 
However,  the  great  mass  and  diversity  of  the  material  obviates  the 
personal  bias  which  can  so  easily,  though  unconsciously,  enter 
work  of  this  type. 
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HL  SUXMART  OP  PREVIOaS  INVBSTIGATIONS 

In  spite  of  all  that  has  been  published  on  the  partition  of  energy 
in  the  spectrum  of  a  black  body  there  is  but  little  experimental 
data  at  hand  which  is  more  than  qualitative  in  value. 

Paschen^*  observed  an  extensive  series  of  spectral  energy 
curves  at  temperatures  ranging  from  loo^  to  450^  C,  using  six 
different  kinds  of  bolometers  covered  with  different  kinds  of 
absorbing  material,  e.  g.,  lampblack  and  platinum  black  or  copper 
oxide;  also  having  the  bolometers  in  the  focus  of  a  hemispherical 
mirror.  The  radiators  were  heated  by  means  of  boiling  water, 
aniline,  sulphur,  etc.  The  mean  value  of  all  his  observations, 
which  are  in  close  agreement,  was  A  »  2890.  He  continued  the 
work  at  temperatures  ranging  from  400^  to  1050^  C  using  a  large 
porcelain  radiator.  He  used  also  metal  cups  of  copper  or  plati- 
num blackened  with  oxides  of  copper  or  iron,  and  heated  within 
this  porcelain  radiator,  making  in  all  about  a  dozen  different 
arrangements  of  the  radiators.  The  bolometer  was  covered 
with  platinum  black  and  was  situated  in  the  focus  of  a  hemi- 
spheric&l  mirror  to  ''blacken"  it.  The  mean  of  the  new  series 
was  i4>»2907,  with  a  probable  error  of  ±16.  The  mean  value 
of  all  his  work  up  to  this  time  is  about  A  «  2900,  and  since  the 
contours  of  his  energy  curves  were  supposed  to  fit  the  Wien 
equation  (^—5)  the  value  of  C  is  14  500.  In  the  meantime 
Lummer  and  Pringsheim  (their  work  will  be  discussed  presently) 
came  to  the  conclusion  that  the  Wien  equation  did  not  fit  their 
experimental  results.  Paschen  ^'  thereupon  undertook  the  work 
anew,  after  redetermining  the  reflecting  power  of  silver  and  the 
refractive  indices  of  fluorite.  He  used  a  porcelain  tube  radiator, 
also  three  other  radiators  which  he  blackened  as  in  the  preced- 
ing research.  He  took  the  wise  precaution  to  project  an  image 
of  the  radiating  wall  of  the  black  body  upon  the  spectrometer 
slit  in  order  to  avoid  possible  radiations  from  the  side  walls 
and  diaphragms  falling  upon  the  prism  and  bolometer.  He  made 
complete  corrections  for  the  selective  reflection  of  the  silver 
mirrors  and  also  for  the  loss  by  reflection  from  the  prism.  He 
then  found  that  his  observations  fitted  neither  the  Wien  nor  the 

M  PMcfaen:  Sitsber,  Ak»d.  Wias.  Berlin,  91,  pp.  403, 959;  1899. 
^  IVuchcn:  Aon.  dcr  Phyt.  (4),  4,  p.  377;  1901. 
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Planck  equation,  the  values  on  the  long  wave-length  side  of  the 
energy  curves  falling  between  the  two  theoretical  curves.  He 
found  that  if  (for  reasons  he  himself  could  not  explain,  loc.  dt., 
p.  295)  he  multiplied  his  observations  by  factors  var}ring-from 
1.02  at  3.9i/*>  1.038  at  4.59/4,  1.050  at  5.12/A,  i.o68  at  6.26/1,  1.195 
at  8.25/A,  etc.,  the  observed  energy  curve  would  fit  the  Planck 
equation  and  fulfilled  better  the  condition  of  congruence.  Upon 
this  basis,  and  presumably  by  computing  the  \m  by  using  equa- 
tion (i) ,  he  obtained  a  value  of  i4  «  2921  for  his  newest  data.  He 
then  applied  factors  to  some  of  his  previous  data,  thus  making 
them  agree  better  with  the  Planck  equation  and  the  value  of  A 
was  increased  from  2890  to  2915,  or  about  0.87  per  cent.  Prom 
this  it  appears  that,  if  he  had  not  multiplied  his  observations  by 
these  arbitrary  factors,  his  latest  results  would  have  been  about 
0.87  per  cent  lower  or  i4  =  2900,  which  is  practically  the  same  as 
the  value  previously  obtained. 

TABLE  1 
Data  from  F^achen 


Tcn^.  ftbMtate 

A.T 

11  max.  (Planck  eq) 

A>»T 

A 

n 

isaae 

t846 

2918 

t887 

SMO 

1567.9 

t8S8 

2913 

t850 

2901 

1357.4 

2.157 

2929 

2.150 

2918 

1352.7 

2.159 

2920 

2.152 

2911 

1347.4 

2.172 

2927 

2.164 

2916 

12(37.4 

2.188 

2926 

2.180 

2916 

10812 

2.777 

2929 

2.709 

2922 

1053.7 

2.770 

2919 

1762 

2910 

1052L2 

2.781 

2926 

2.774 

2919 

875.0 

3.328 

2911 

3.319 

2904 

87ft.4 

3.338 

2914 

3.324 

2913 

Mmh 

2921 

2912±5 

C-14,458±2S 

We  can  obtain  a  further  and  more  plausible  estimate  of  the 
correction  to  Paschen's  values  by  applying  the  values  of  the 
second  term  which  result  from  computing  X»  by  equation  (6)  in 
the  present  research.  This  is  admissible  because  his  observed 
curves  are  said  to  fit  the  Planck  equation  to  about  4/A.     His 
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energy  curves  can  not,  therefore,  differ  much  from  those  obtained 
in  the  present  research  for  the  spectral  region  up  to  4/*.  Pro- 
ceeding on  this  basis  the  values  of  X'm  (see  coltmm  4)  in  Table  i 
were  obtained  by  multipljdng  Paschen's  values  of  \m  (column  2) 
by  1.007  (i-  ^M  W^)  which  transfers  them  from  the  Wien  to  the 
Planck  system  of  computation.  From  these  new  values  of  \m 
were  deducted  the  second  term  factors  of  equation  (6),  which 
were  obtained  from  the  computations  of  the  spectral  energy 
curves,  observed  at  closely  the  same  temperatures  in  the  present 
research.  The  second  term  correction  factors  were  taken  from 
computations  in  which  \  fell  in  the  region  of  3.4  to  3.9/A,  where 
the  value  of  \m,  as  computed  from  the  present  research  by  using 
the  first  term  in  equation  (6) ,  has  closely  the  same  value  as  pub- 
lished by  Paschen.  The  minimum  value  of  this  second  term 
factor  for  this  spectral  region  varied  from  0.022/4  at  the  highest 
temperatures  to  0.033/*  ^^  the  lowest  temperatures.  However, 
second  term  corrections  which  are  5  to  10  per  cent  higher  would 
not  seriously  affect  (decrease)  the  results.  Column  4  of  Table  i 
therefore  gives  a  fair  estimate  of  the  values  of  X'^,  on  the  basis  of 
computation  required  by  Planck's  equation.  This  gives  a  mean 
value  of  i4»29i2  and  C«i4  458,  which  is  close  to  the  value 
obtained  by  the  rough  estimate  of  the  correction,  and  it  happens 
to  be  the  same  as  found  in  the  present  experiments. 

Since  the  original  values  at  long  wave  lengths  were  arbitrarily  | 

changed  by  Paschen  to  fit  the  Planck  curve,  the  writer  feels  ! 

justified  in  attempting  to  reduce  the  data  in  this  manner 
by  the  methods  involved  in  the  present  research.  On  this 
basis,  and  with  the  due  that  the  curves  fitted  the  Planck  equation 
to  about  4  /A,  it  appears  that,  if  Paschen  had  used  the  present  system 
of  computation,  his  value  of  C  would  be  of  the  order  of  C  =«  14  458. 

The  most  reliable  values  of  the  constants  published  by  Lummer 
and  Pringsheim  ^*  require  a  treatment  similar  to  that  just  given 
to  Paschen's  data.  They  used  the  earlier  indices  of  refraction  of 
fluorite,  published  by  Paschen  *•  in  1894,  which  are  in  error  in  wave 
length  by  0.02  fi  for  the  region  of  i  to  2.5  /i.     But  little  information 

is  at  hand  as  to  how  they  obtained  their  values  of  X^.     In  their 

■  i 

M  Ltuniner  and  Pringsheim:  Verh.  Fhys.  Qetell.,  Berlin,  1,  p.  ais,  1899. 
»  Paadicn,  Ann.  dcr  Fhyt.  (3),  fit*  p.  301. 1894:  (4)1  ^t  P'  »99,  S9oi. 
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earlier  work  they  say  that,  after  bridging  over  the  absorption 
bands  by  means  of  a  smooth  line,  the  values  of  X^  and  £»  may  be 
read  directly  from  the  spectral  energy  cmve.**  Making  the  cor- 
rections to  their  values  \m  (column  4,  Table  2),  which,  as  already 
stated,  are  too  large  by  about  0.02  fi  at  1.7  to  2.7  /a,  owing  to  a 
wrong  calibration  curve  for  the  fluorite  prism,  their  mean  value  of 
A  is  reduced  from  2940  to  2930.  Their  curves  did  not  fit  the  Wien 
equation,  and  the  Planck  equation  was  not  yet  published  in  its 
complete  form  when  they  made  known  their  results.  From  the 
present  research,  using  similar  radiators  of  their  design  under 
similar  conditions,  it  is  evident  that  their  energy  curves  can  not 

TABLE  2 
Data  from  Lummer  and  Fringsheim 


TtBp.  abMlote 

X  nui.  (Wtea  eq) 

iWT 

nwtaoL  (Ptan^  tq) 

IhmT 

A 

A 

1646.0 

L7B 

2928 

L745 

mi 

146a  4 

2.04 

2979 

2.010 

2933 

12S9LO 

2.  as 

29S9 

2.301 

2896 

1094.S 

2.71 

2966 

2.00 

2943 

99a5 

2.96 

2956 

2.945 

2940 

90«.S 

3.28 

2900 

3.260 

2961 

7210 

4.08 

2950 

4.050 

2927 

62L2 

4.53 

2814 

4.580 

2814 

(3911) 

MmBx 

2940 

2924sh8 

€-14,518^:40 

be  markedly  different  from  these  obtained  by  the  writer.  Their 
cmves  should  therefore  be  reduced  by  the  present  system  of  com- 
putation in  order  to  make  the  constants  comparable  with  the 
values  obtained  in  the  present  research.  This  was  accomplished 
by  multiplying  their  corrected  values  of  X'^  by  i  .007  ( -  aja') 
and  by  applying  the  second  term  correction  of  equation  (6).  The 
values  of  A  obtained  by  the  system  of  computation  which  is 
required  by  Planck's  equation,  are  given  in  colunm  5  of  Table  2. 
The  mean  value  is  A  «29ii  and  C»i4  450.  If  we  exclude  the 
last  value  of  i4  »  2814,  which  is  evidently  not  comparable  with  the 

M  tiOMamis  and  Pringihiiim:  Verh.  Fhyt.  Gcadl,  1«  p.  u,  1899. 
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rest,  the  mean  value  is  A  ""2924  and  C  « 14  518.  They  made  no 
correction  forloss  by  reflection  from  the  silver  mirrors  and  from  the 
prism,  which  would  be  most  e£Fective  in  shifting  the  energy  curve 
on  the  short  wave-length  side  of  the  maximum  toward  the  visible 
spectrum,  and  would  still  further  decrease  their  value  of  C  by  0.3 
to  0.4  per  cent.  Hence,  a  fair  estimate  of  the  constant  as  obtained 
by  Lummer  and  Pringsheim  is  C  « 14  460  to  14  470.  Since  their 
porcelain  tube  radiator  was  supported  only  at  the  ends  and  hence 
would  bend  in  the  middle  when  heated  above  1200^,  and  since  this 
radiator  was  placed  directly  before  the  spectrometer  slit  (judging 
from  the  writer's  experience  with  a  similar  outfit),  it  was  impossible 
to  be  certain  that  no  radiation  came  from  other  parts  of  the  black 
body  than  the  central  radiating  wall  of  the  tube.  Radiation  from 
the  cooler  diaphn^;ms  tend  to  give  too  large  a  value  of  X«  for  the 
tempouture  indicated  by  the  radiating  wall. 

Unfortunately  none  of  their  original  observations  were  published. 
Values  for  a  few  points  of  two  spectral  energy  curves  were  published '^ 
in  comparing  the  experimental  results  with  theoretical  values  com- 
puted by  various  radiation  formulae.  Constructing  the  curves  for 
these  two  series  of  data  (temperatures  1259^  and  1646^  Abs.; 
for  the  latter  the  data  is  insufficient  to  draw  a  good  curve)  the 
values  of  A  were  computed  by  the  present  system,  equation  (6). 
This  gave  A  *-  2890  and  A  —  2920,  respectively,  and  a  mean  value 
of  C  » 14  430.  However,  since  so  few  observations  were  at  hand  to 
draw  the  curves,  and  since  the  energy  curve  at  the  lower  tempera- 
ture fitted  best  the  Wein  computation  for  X»,  and  since  the  energy 
curve  for  1646^  seemed  to  fit  neither  the  Wein  nor  the  Planck 
system  for  computing  Xm,  no  great  reliance  is  placed  on  this 
computation. 

To  the  writer  it  seems  that  all  this  data  should  be  considered 
from  the  standpoint  of  historical  interest,  since  it  seems  impossible 
to  give  it  much  weight  in  connection  with  the  results  obtainable  at 
the  present  day.  All  the  work  done  in  recent  years  is  found  to  be 
atvariancewitib  the  uncorrected  results  of  Paschen,  andof  Lummer 
and  Pringsheim.  The  first  intimation  of  this  fact  came  from  a 
research  by  Holbom  and  Valentiner**  in  the  visible  spectrum. 

&  I^mnnicr  and  Jahokc:  Aim.  dcr  Fhyf.  (4),  8,  p.  aSj,  1900. 
»  Hfilbora  and  Valcnrtiifrt  Aaa.  dcr  Fhyi.  (4)t  ^i  P*  i*  1906. 
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They  found  a  value  of  C » 14  200.  Recently  Valentiner  ^  has 
corrected  this  value  for  lack  of  blackness  of  the  radiator,  arbi- 
trarily raising  the  value  to  C  » 14  350. 

The  investigations  by  Warburg  **  and  his  assistants  is  not  yet 
published  in  complete  form.  The  preliminary  data  for  isodbiro- 
matic  curves  gives  a  value  of  C"i4  380  and  for  isothermals. 
C=->  14  360.  In  the  latter  the  range  is  from  C»»  14  230  to  14  480. 
Considered  as  a  whole,  a  fair  estimate  of  the  results  of  the  forcgqing 
investigations  indicate  a  value  of  C  » 14  400  to  14  460. 

IV.  APPARATUS  AND  METHODS 

Under  this  title  are  given  only  the  main  outhnes  of  the  instrut 
ments  used  in  this  research.  For  a  more  complete  description  it  is 
necessaty  to  consult  the  original  papers  to  which  frequent  reference 
is  made. 

1.  Bolometer  and  Galvanometer. — ^Por  the  first  part  of  this 
investigation  an  air  bolometer  was  used,  which  was  placed  at  the 
focus  of  a  hemispherical  glass  mirror,  5  cm  in  diameter  and  having 
an  opening  0.5  by  1.5  cm  at  the  center.  The  most  of  the  obser-^ 
vations  were  made  with  a  vacuum  bolometer,  known  as  bolometer 
No.  10,  placed  at  the  focus  of  the  hemispherical  glass  mirror  just 
mentioned.  The  sensitive  platinum  strips  of  the  bolometer  were  10 
by  0.6  by  0.0003  mm,  the  resistance  of  each  strip  being  5.6  ohms. 
The  resistance  of  the  complete  bolometer  was  8.9  ohms  (depending 
of  course  upon  the  battery  current  and  the  vacuum)  with  a  tem- 
perature coefficient  of  0.023  ohms  per  degree.  The  galvanometer 
resistance  was  5.09  ohms  at  20^  C,  with  a  temperature  coefficient 
of  0.0194  ohms  per  degree.  It  was  usually  operated  on  a  complete 
period  of  three  to  five  seconds,  and  sensitivity  of  2  by  10-^^  ampere. 

The  rear  side  of  each  bolometer  strip  was  bright,  and  the  front 
side  was  painted  with  a  mixture  of  lampblack  and  platinum  black, 
then  smoked  with  soot  from  a  paraffin  candle.  The  fluorite 
window  was  covered  with  thin  sheet  copper,  which  was  painted 
with  lampblack,  and  which  formed  a  knife-edge  slit,  from  2  to  3 
mm  in  width,  for  admitting  upon  the  bolometer  the  part  of  the 


**  Vakntiner:  Ann.  der  Phyi.  (4).  tt,  p.  489.  X9i«* 

^  Wftrbiirs.  I«dtluiuaer,  Rupk*.  and  MOller:  Zb.  Instk.tS,  p.  134,  191a.  As  this  paper  goei  to  prcH  a 
fcoent  cammunicatioa  (Sitzbcr  Akad.  Wlas.  Berlin,  I,  p.  35. 19x3)  sivo  what  appears  to  be  a  final  value  of 
C—  Z4  374i:40  <uid  A  •-  2894:^  8. 
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spectrum  which  was  to  be  measured.  The  rear  wall  and  tube 
leading  to  the  viewing  window  of  the  glass  vacuum  chamber  was 
painted  with  lampblack  to  absorb  or  difiFuse  any  radiation  which 
passed  by  the  bolometer  strip.  A  more  detailed  description  of 
the  radiometric  apparatus  has  already  been  publiished,^  and  for 
deamess  the  vacuum  bolometer  is  illustrated  only  by  a  simple 
diagram  in  Pig.  i. 

The  reflecting  power  of  lampblack  and  of  platinum  black  have 
also  been  published.^  The  results  show  that  the  reflecting  power 
of  lampblack  and  of  platinum  black  is  low  and  fairly  uniform 
through  the  spectrum.  The  amount  lost  by  dlflfuse  reflection 
from  the  bolometer  would  be  returned  upon  its  path  owing  to  the 
presence  of  the  hemispherical  mirror. 

A  large  glass  bottle  of  about  4  liter  capacity  prevented  a 
noticeable  change  in  the  gas  pressure,  resulting  from  leakage,  and 
more  especially  from  a  change  in  vapor  pfessure  with  temperattne 
of  the  material  used  in  cementing  the  joints  of  the  vacutun  bolom- 
eter. Since  a  quite  accurate  knowledge  of  the  bolometer  resist- 
ance is  required,  the  gas  pressure  was  reduced  to  only  about  0.2  mm 
(cathode  dark  space  3  to  4  mm)  at  which  pressure  the  bolometer 
resistance  is  still  quite  independent  of  the  degree  of  evacuation. 

The  sensitivity  of  the  bolometer-galvanometer  was  varied  by 
means  of  a  resistance  box  R,  (see  wiring  diagram,  Kig.  i)  placed  in 
series  with  the  galvanometer.  By  this  means  the  galvanometer 
deflections  (maximum  allowed  was  12  to  14  cm)  were  kept  within 
the  range  of  proportionality  with  the  current  flowing  through  the 
galvanometer.  In  previous  papers'^  it  was  shown  that  the  gal- 
vanometer deflections  were  proportional  to  the  current  for  deflec- 
tions up  to  20  cm;  also  that  the  galvanometer  d^ections  were 
proportional  to  the  energy  falling  upon  the  bolometier  strip  for 
intensities  far  exceeding  those  to  which  the  bolometer  was  exposed 
in  the  present  research.  This  is  of  importance  in  connection  with 
the  question  of  the  constants,  ojpserved  at  high  temperatures. 

A  standard  resistance  of  100  000  ohms  was  kept  in  parallel  with 
one  branch  of  the  bolometer,  see  Fig.  i ,  Sj.  By  short-circuiting 
20  000  ohms  of  this  resistance  the  current  in  the  bolometer  circuit 

*  This  Bulletin.  4,  p.  39a,  1908;  9,  p.  7,  X9xa  (▼acmim  botomcter). 
M  This  Bulletin,  9,  p.  aSsi  19x3. 
*<a  See  note  35.  p.  17. 
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was  unbalanced,  causing  a  galvanometer  deflection  which  was 
used  as  an  arbitrary  standard  for  testing  the  electrical  sensitivity 
of  the  bolometer-galvanometer  circuit.  The  galvanometer  sensi- 
tivity was  tested  by  throwing  the  switch  K  (Fig.  i )  to  the  right  and 
closing  the  switch  Ki ,  through  the  battery  of  5,. 

No  standard  was  provided  for  testing  the  radiation  sensitivity 
(which  varied  with  the  gas  pressure)  owing  to  the  difficulty  in 
proving  a  standard  radiator  which  could  be  easily  operated  in  the 
spectrometer.  The  main  test  of  the  radiation  sensitivity  of  the 
instruments  was  a  repetition  of  the  observations  which  had  been 
made  at  the  beginning  and  during  the  series  of  observations.  The 
bolometer  was  usually  operated  on  a  constant  current  of  0.03 
ampere,  and  it  was  usually  fotmd  that  if  the  galvanometer  sensi- 
tivity remained  constant  the  radiometric  observations  could  usually 
be  repeated  to  i  part  in  200.  After  exhausting  the  air  the  ten- 
dency of  the  radiation  sensitivity  is  to  slowly  decrease.  The  elec- 
trical test  of  sensitivity  using  the  standard  resistance  5i  was,  of 
course,  frequently  applied  while  observing  a  spectral-energy  curve. 
Usually  the  galvanometer  sensitivity^  would  remain  constant 
throughout  a  series  of  observations  on  an  energy  curve,  which 
required  from  one  to  one  and  one-half  hours.  During  the  first 
year's  work,  however,  when  an  air  bolometer  was  used,  it  required 
from  two  to  three  hours  to  observe  a  complete  energy  curve,  and 
much  difficulty  was  experienced  from  variation  in  sensitivity  of 
the  galvanometer,  lyhich  required  a  complete  period  of  six  to  seven 
seconds  in  qrder  to  attain  a  sufficiently  high  sensitivity.  At  that 
time  from  1 5  to  20  galvanometer  readings,  at  any  given  spectrom- 
eter setting,  was  required  to  obtain  a  reliable  mean  value.  With 
the  bolometer  in  vacuo  the  same  precision  w^  attained  in  5  to  6 
readings  of  the  galvanometer,  which,  owing  to  the  high  radiation 
sensitivity  of  the  bolometer,  could  be  operated  on  a  complete 
period  of  foiu*  to  five  seconds.  Usually  about  30  spectrometer 
settings  and  from  200  to  250  galvanometer  readings  (including  the 
repetitions)  were  required  to  obtain  a  complete  energy  curve. 
Hence,  a  conservative  estimate  of  the  total  number  of  deflections 

"  I9  the  afteniooa  thf  gahraiiQiBCtcr  •cnsitiyity  would  increase  i  or  i  per  cent  and  return  to  iti  orUinal 
liitoiaity  the  following  noming,  owing  probably  to  the  diurnal  variation  of  the  carth'a  magnetic  field . 
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recorded  dtiring  the  past  four  years  is  in  excess  of  40  000  observa- 
tions. 

The  present  apparatus  is  the  result  of  experiments  extending 
over  at  least  five  years,  during  which  time  the  radiation  instru- 
ments have  undergone  repeated  alterations  and  have  been  tried 
out  on  various  subsidiary  problems.  The  energy  curves  are  not 
perfectly  satisfactory,  however,  and,  as  is  mentioned  elsewhere, 
they  probably  never  will  be  until  the  complete  optical  path  is 
inclosed  in  a  vacuum  to  eliminate  atmospheric  absorption  bands. 

In  observing  galvanometer  deflections  there  is  constantly  a 
fluctuation  in  the  readings  amounting  to  o.i  to  0.5  mm,  whether 
or  not  there  is  a  resistance  in  the  galvanometer  circuit  for  reducing 
the  large  deflections  obtained  when  exposing  the  bolometer  to 
intense  radiation.  The  precision  is  therefore  usually  no  higher 
for  high  than  for  low  intensities,  i.  e.,  for  large  (reduced  by  resist- 
ance when  being  observed)  or  for  small  deflections.  The  proper 
method  when  using  high  intensities  is  to  compensate  the  deflec- 
tions by  means  of  some  sort  of  potentiometer  device  and  reducing 
the  operation  to  a  null  method,  or  at  least  to  compensate  for  the 
greater  part  of  what  would  be  the  true  galvanometer  deflection 
and  read  only  the  residual  deflection.  In  this  manner  the  afore- 
mentioned errors  would  be  only  in  the  residual  deflection.  How- 
ever, such  a  device  may  contain  other  inherent  errors,  and  in  view 
of  the  great  variation  in  the  intensities  measured,  it  did  not  seem 
justifiable  for  this  part  of  the  research  to  depart  from  the  well- 
tried  bolometric  method  of  observing  the  direct  galvanometer 
deflection.  When  operating  the  radiator  above  1100°  it  was  an 
easy  matter  to  reduce  the  aforementioned  fluctuations  in  the 
galvanometer  readings  by  reducing  its  sensitivity;  and  with  a 
galvanometer  (complete)  period  of  only  foiu:  to  five  seconds  a 
precision  of  i  part  in  200  to  300  could  easily  be  attained.  It  is, 
therefore,  an  open  question  whether  at  these  temperatures  a 
greater  precision  could  have  been  attained  by  null  methods.  In 
fact,  considering  the  ntunerous  other  difficulties  and  the  time 
saved,  it  is  doubtful  whether  anything  would  have  been  gained 
by  using  other  than  the  direct  galvanometer  deflection  method  of 
observation. 
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2.  Electrometer. — ^The  spectrometer,  from  Fuess,  was  remodeled 
to  suit  the  present  investigation.  The  mirrors  were  10  cm  in 
diameter  and  52  cm  in  focal  length.  An  optically  plane  mirror  10 
by  5  by  0.8  cm  was  mounted  upon  an  especially  constructed  prism 
table.  With  the  prism  it  formed  the  well-known  Wadsworth 
method  for  maintaining  minimum  deviation. 

The  spectrometer  circle  was  divided  to  10'  with  a  glass  vernier, 
which  read  directly  to  i'.  The  micrometers  for  measuring  angles 
to  less  than  i '  were  never  used ;  for  the  bolometer  was  purposely 
constructed  to  subtend  4'  of  arc  (the  spectrometer  slit  and  bolo- 
meter strips  were  0.6  mm  wide)  and  the  spectrometer  settings 
were  made  to  the  even  minutes  of  arc.  This  was  done  to  simplify 
the  reduction  of  the  data  to  the  normal  spectrum,  before  any  of  the 
observations  were  plotted  for  computing  the  constants. 

The  mirrors  were  silvered  by  the  Brashear  process  and  polished 
with  the  finest  optician's  rouge.  The  whole  optical  system, 
Fig.  I,  was  inclosed  in  a  box  of  thin  sheet  copper,  with  three  open- 
ings in  the  top,  which  gave  access  for  removing  and  adjusting  the 
mirrors.  Although  the  silver  mirrors  could  be  kept  an  indefinitely 
long  time  in  this  box  without  tarnishing,**  they  were  silvered  at 
the  beginning  of  each  year's  work. 

The  lids  covering  these  openings  were  closed  with  soft  wax. 
Within  the  box,  in  line  with,  but  below  the  optical  path,  were 
numerous  large  glass  dishes  d,  d,  containing  fresh  phosphorous 
pentoxide,  while  other  vessels  contained  freshly  broken  sticks  of 
caustic  potash.  The  vessels  not  below  the  optical  path  were 
wrapped  in  black  velvet.  Small  fans,  /,  /,  Fig.  i,  driven  by  a 
motor,  m,  were  operated,  before  starting  a  series  of  observations,  in 
order  to  dry  the  air. 

The  experimental  work  was  planned  for  the  winter  months 
when  the  humidity  was  low.  This  was  as  important  as  the  air 
stirring  and  the  dr3dng  devices.  The  water  vapor  can  be  reduced 
to  a  fairly  low  value  with  drying  material;  but  the  carbon  dioxide 
can  not  be  thoroughly  eliminated.  There  is  also  evidence  that 
the  absorption  bands  of  oxygen  **  at  3.2/A  and  4.7/A  may  cause  quite 

*  This  Bulletin,  7,  p.  197;  19x1  ("Preservation  of  Silver  Mirrors"). 

*  Invertisations  of  Infra-red  Spectra,  Carnegie  Publication.  No.  35,  p.  49:  1905.   Subsequent  observers 
have  not  found  these  bands  in  oxygen. 
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an  appredabie  depression  in  the  energy  curves.  Lummer  and 
Pringsheim  (loc.  cit.)  mentioned  such  an  absorption  band  but  did 
not  know  what  substance  caused  it.  It  may  have  been  caused 
by  hydrocarbon  vapors ;  but  owing  to  the  long  optical  path  (about 
2.5  m)  from  the  radiator  to  the  bolometer  it  seems  more  probable 
that  atmospheric  oxygen  exerts  an  appreciable  absorption. 

The  entire  interior  of  the  spectrometer  box  was,  of  course, 
painted  with  lampblack  in  a  dilute  alcoholic  solution  of  shellac, 
to  absorb  scattered  Ught. 

The  spectrometer  arms  were  set  so  that  the  rays  fell  upon  the 
collimating  mirrors  at  as  small  an  angle  of  incidence  as  was  pos- 
sible, when  in  connection  with  the  bolometer.  The  astigmatism 
was  therefore  very  small,  and  it  was  not  increased  a  measurable 
amount  by  increasing  the  angle  of  incidence  upon  the  mirror, 
which  occurs  in  rotating  the  prism  table  in  order  to  project  the 
infra-red  spectrum  upon  the  bolometer  strip.  This  might  be  of 
importance  when  using  a  slit  image  which  covers  the  whole  length 
of  the  bolometer  strip,  as  was  done  in  some  of  the  present  work; 
but  by  actual  measurement  it  was  f oimd  that  this  possible  source 
of  error,  if  present  at  all,  was  n^ligible. 

3.  Prisms  and  their  Adjustment. — ^The  greater  part  of  the  work 
was  done  with  a  flawless  fluorite  prism  (No.  i)  having  a  refracting 
angle  of  60^  and  circular  faces  33  mm  in  diameter.  Although  this 
prism  seemed  to  belong  to  the  green  variety  of  fluorite  it  was 
practically  colorless  and  entirely  free  from  internal  cleavage 
planes.  An  examination  of  the  transmission  of  samples  of  light 
green  fluorites  ^,  which  contained  appreciable  coloring  matter 
showed  that  it  is  highly  improbable  that  this  prism  has  any 
absorption  bands,  which,  if  present,  should  occur  at  1.5/A  and  3/*. 
The  possible  absorption  bands  of  fluorite  wotdd  be  extremely 
weak,  and  they  would  occur  (e.  g.,  the  3/i  band)  in  the  region  of 
atmospheric  absorption  bands,  where  no  computations  were  made. 
There  was  also  available  a  large  prism.  No.  II  (refracting  angle 
60®;  faces  52  by  50  mm)  which  belonged  to  the  purple  variety  of 
fluorites.  It  was  colorless  but  contained  numerous  internal 
cleavage  plates  which  scattered  much  light.  It  will  be  shown 
that,  probably  as  a  result  of  this  scattering,  only  about  25  to  30 
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per  cent  of  the  observed  spectral  energy  curves  fitted  the  Planck 
equation,  when  about  80  of  the  energy  curves  fuxxluces  by  the 
small  prism,  operated  under  similar  conditions,  fitted  the  Planck 
equation.  The  other  prisms  used  in  the  latest  woik  will  be 
described  in  a  forthcoming  paper.  The  face  of  the  prism  p, 
Fig.  I,  was  covered  with  a  diaphragm  of  cardboard,  pcunted 
with  lampblack,  which  prevented  radiations  (other  than  those 
entering  the  prism)  from  passing  beyond  the  central  part  of  the 
spectrometer  box. 

All  the  adjustments  were  made  with  the  prism  mounted  upon 
its  table.  This  includes  the  adjustment  of  the  prism  to  the  ver- 
tical axis  of  the  spectrometer,  the  adjustment  of  the  prism  faces 
to  parallelism  with  the  auxiliary  mirror  mr,  Fig.  i ,  the  measurement 
of  the  angle  between  the  prism  face  and  the  mirror ;  and  the  angular 
setting  necessary  to  cause  the  light  to  pass  through  the  prism  at 
minimum  deviation. 

The  method  is  fully  described  elsewhere'^  and  is  too  lengthy 
to  repeat  here.  In  order  that  all  the  rays  may  pass  through  the 
prism  at  minimum  deviation,  the  angle  of  incidence  must  vary 
as  the  rays  fall  upon  the  auxiliary  silver  mirror  mr,  Fig.  i .  The 
angle  between  the  mirror  and  the  adjacent  prism  face  is  about 
80^.  On  a  subsequent  page  it  will  be  shown  that  the  correction 
for  variation  of  the  reflecting  power  with  angle  of  incidence  is 
n^ligible. 

The  alignment  of  the  radiator  and  the  adjustment  of  the  mir- 
rors in  the  box  B,  Fig.  i,  so  that  in  projecting  an  image  of  the 
radiating  wall  d,  Pig.  2,  upon  the  spectrometer  slit  the  spot  of 
light  passes  centrally  through  the  prism  />,  Fig.  i,  is  extremely 
delicate,  and  at  the  beginning  of  each  new  series  of  observations 
(as  well  as  during  the  observation  of  an  extensive  series  of  energy 
curves)  the  spot  of  light  coming  from  the  radiator,  heated 
to  1250  to  1300^,  was  adjusted  to  pass  accurately  through  the 
central  part  of  the  prism.  The  importance  of  this  is  evident  from 
the  fact  that  the  spot  of  light  was  about  27  mm.  in  diameter  while 
the  prism  was  only  33  mm.  in  diameter,  so  that  any  slight  lateral 
displacement  of  the  image  falling  upon  the  spectrometer  slit  was 
liable  to  throw  the  light  partly  off  the  prism  face.    After  the  light 

s>  Investigations  of  Infra-red  Spectra.  Carnegie  Publication  No.  35,  p.  zS;  1905. 


24  Bulletin  of  the  Bureau  of  Standards  cv^f.  w 

had  passed  through  the  prism  the  spectrum  was  adjusted  upon 
the  bolometer  strip  by  means  of  the  adjusting  screws  which  are 
attached  to  the  intervening  mirror. 

4.  Radiator  or  so-called  Black  Body. — ^The  unmounted  porcelain 
tubes  A,  B,  Cy  in  Pig.  2  were  purchased  abroad,  which  explains 
much  of  the  delay  in  concluding  this  investigation,  owing  to  the 
difficulty  in  promptiy  obtaining  the  proper  material.  The  outer 
porcelain  tube  C,  Fig.  2,  was  surrounded  with  a  ring  of  asbestos 
cloth,  and  the  intervening  space  was  filled  with  fine  magnesium 
carbonate,  which,  however,  on  heating  was  partiy  decomposed 
into  the  oxide  and  had  to  be  refilled  several  times  during  the  first 
part  of  the  work.    The  ends  were  of  kaolin. 

The  outer  heating  tube  B  was  5.7  cm  in  diameter.  It  was 
wound  with  a  strip  of  platinum  0.02  nun  in  thickness  and  i  cm 
wide,  and  after  some  usage  was  fastened  permanentiy  within  the 
tube  C  by  means  of  kaolin.  This  part  of  the  radiator  was  used 
throughout  the  work.  To  aid  in  temperature  compensation  the 
platinum  ribbon  was  closely  wound  at  the  ends  with  only  a  few 
turns  in  the  center. 

The  inner  tube  A,  which  was  3  cm  in  (internal)  diameter,  had 
to  be  removed  frequentiy  in  order  to  repair  the  platintun  winding, 
to  be  replaced  by  another  tube  when  broken  and  to  facilitate 
adjustments,  etc.  The  ends  rested  upon  porcelain  rings  in  order 
to  keep  the  proper  adjustments,  and  when  once  in  place  for  a 
series  of  observations  the  open  spaces  between  the  tubes  A  and  B 
were  closed  with  a  thick  paste  of  kaolin,  sectioned  radially  to 
allow  for  expansion,  shrinkage,  etc.  This  tube  was  uniformly 
and  closely  wound  with  a  strip  of  platinum  o.oi  mm  in  thickness. 
The  distance  between  the  successive  turns  of  platinum  ribbon 
was  of  the  order  of  0.3  to  0.5  mm,  so  that  the  porcelain  was  almost 
entirely  covered  with  metal.  The  width  of  the  strip  was  2  cm 
at  the  center  and  decreased  imif  ormly  to  i  cm  width  at  the  ends 
as  shown  in  Fig.  2.  It  required  about  220  cm  of  platinum  ribbon 
cut  in  this  manner  to  cover  the  inner  tube. 

In  the  earlier  part  of  the  work  attempts  were  made  to  regulate 
the  temperature  uniformity  by  varying  the  heating  current  in  the 
two  coils,  A  and  B,  by  means  of  separate  rheostats  in  the  circuit 
with  the  two  windings  of  these  two  porcelain  tubes.  •   It  was  found, 
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however,  that  at  the  high  temperatures  used,  the  heating  by  radi- 
ation was  far  more  effective  than  heat  conduction.  It  was  foimd 
more  satisfactory  (and  less  laborious)  to  join  the  two  heating 
circuits  in  parallel  with  the  main  line,  which  contained  the  rhe- 
ostats, and  allow  each  tube  to  take  its  proportionate  part  of  the 
current  than  to  attempt  to  regulate  the  current  in  each  radiator 
by  means  of  separate  rheostats.  Hence,  at  some  temperatures  the 
radiators  were  at  a  uniform  temperature  over  a  greater  length  of 
the  tubes  than  at  a  different  temperature.  However,  it  will  be 
shown  presently  that  the  temperature  was  imiform  over  a  far 
greater  length  than  required  by  theory  so  that  variations  in  the 
length  of  the  radiator  over  which  there  was  temperature  imif orm- 
ity  is  of  minor  importance. 

The  use  of  platinum  ribbon  instead  of  thick  platinum  wires 
eliminates  the  question  of  local  nonimiformity  of  temperature. 
The  central  2.5  cm  length  of  tube  was  so  wound  that  one  ttun  of 
the  platinum  ribbon  entirely  covered  what  comprises  the  theo- 
retical black  body. 

On  several  occasions  the  heating  coil  of  the  inner  tube  broke 
during  a  series  of  observations,  and  the  radiator  was  heated  by 
radiation  from  the  outer  coil,  B;  but  the  computations  of  the 
energy  curves  do  not  indicate  a  systematic  difference  in  the  values 
of  the  constants. 

The  construction  of  the  apparatus,  e.  g.  position  and  size  of 
opening  in  the  water-cooled  shutters,  was  such  that  no  radiation 
from  the  side  walls,  which  may  b^  hotter  than  the  radiating  dia- 
phragm, d,  Pig.  2,  could  be  projected  upon  the  spectrometer  slit. 
Furthermore,  the  diffuse  reflecting  power ,*^  especially  that  of  the 
radiators  painted  with  cobalt  or  chromium  oxide,  is  sufficiently  low 
so  that  only  an  imperceptible  amount  of  radiations  from  fhe 
hotter  side  walls,  which  fall  upon  the  radiating  diaphragm,  J,  will 
be  reflected  upon  the  optical  path  leading  to  the  spectrometer  slit. 
In  meastuing  the  total  radiation  from  such  an  inclostu-e,  the  extra 
amount  of  radiation,  which  (as  a  result  of  diffuse  reflection  of  the 
radiations  from  the  hotter  side  walls)  is  superposed  upon  the  radia- 
tions from  the  diaphragm  under  investigation ,  might  be  measiu^ble. 
But  after  dispersing  these  radiations  into  a  spectrum  it  would  be 
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a  hopeless  task  to  attempt  to  detect  the  increase  in  emissivity,  at 
any  spectral  region,  which  might  be  caused  by  the  superposition  of 
diffusely  reflected  radiations  from  the  side  walls  upon  the  radia- 
tions emitted  by  the  diaphragm. 

The  radiating  diaphragm  was  30  mm  in  diameter,  but  the 
arrangement  of  the  coUimating  mirrors,  B,  Fig.  i,  was  such  that 
the  image  of  only  about  18  mm  of  this  diaphragm  was  projected 
upon  the  spectrometer  slit.  The  spectrometer  slit  was  10  mm  in 
height,  so  that  only  the  radiations  from  about  10  mm  of  the  central 
portion  of  the  radiating  diaphragm  entered  the  spectrometer.  It 
was  only  by  this  arrangement  that  consistent  results  were  obtain- 
able. 

TABLE  3 


the  Drop  in  Temperature  Widiin  die  Radiator  at  Different 
Distances  from  die  Radiating  Wall;  a  Rise  m  Temperature  is  hidicated 
by  a  Plus  Sign 
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In  the  first  work,  ''Series  of  1909,"  the  radiator  was  directly 
before  the  slit,  as  used  by  Lummer  and  Pringsheim.  This,  of 
course,  reduced  the  length  of  the  optical  path  and  hence  atmos- 
pheric absorption,  but  it  was  impossible  to  be  certain  that  no  radia. 
tions  other  than  those  from  the  diaphragm  could  enter  the  spectro- 
meter slit.  This  was  especially  true  for  the  first  part  of  this  series 
when  following  the  custom  of  previous  investigators;  no  attempt 
was  made  to  prevent  the  inner  tube,  A ,  Fig.  2,  of  the  radiator  from 
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sagging,  i/vhich  occurs  when  heated  to  1200^.  The  fragment  of 
porcelain,  with  a  knife-edge,  s.  Pig.  2,  about  2  mm  long,  was  used  to 
prevent  the  inner  tube  from  sagging.  It  was  placed  about  2.5  to 
3  cm  to  the  rear  of  the  radiating  diaphragm.  No  local  cooling 
cduld  be  detected  as  the  result  of  its  presence.  This  support  was 
one  of  the  chief  factors  in  the  successful  operation  of  the  radiator. 
In  fact  the  success  attained  in  the  present  research  is  owing  to  three 
things,  (i)  the  introduction  of  a  support  to  prevent  sagging,  (2) 
more  thorough  insulation  of  the  thermocouples  by  enlarging 
the  holes  in  the  radiating  wall  to  cover  the  thermocouples  with 
thicker-walled  porcelain  tubing;  this  (3)  permitted  the  use  of 
blackened  radiators. 

The  length  of  porcelain  tube  between  the  radiating  wall  and  the 
first  perforated  diaphragm,  a.  Fig.  2,  was  about  2.5  cm.  After  the 
experience  gained  in  winding  the  first  radiators,  there  was  no  difii- 
culty  in  spacing  the  compensation  coil  and  cutting  the  platinum 
ribbon  of  the  inner  heating  coil  so  that,  at  all  temperatures,  there 
was  a  tmiformity  in  temperature  to  0.5^  for  a  distance  of  6  cm  or 
more  from  the  radiating  diaphragm  and  a  drop  in  temperature  of 
only  10  to  18^  at  a  distance  of  10  cm  in  front  of  the  radiating 
wall.  In  the  second  "  Series  of  1909, "  after  rewinding  the  furnace, 
the  temperattu'e  of  the  air,  at  a  distance  of  about  2  cm  from  the 
radiating  wall,  was  about  1.5  to  1.8^  higher  than  the  temperature 
of  the  diaphragm. 

In  these  tests  for  temperature  uniformity  within  the  radiator 
it  is  to  be  remembered  that  the  experiments  were  made  with  (i) 
the  exploring  thermocouple  drawn  through  a  small  hole  in  the 
radiating  diaphrahm,  and  (2)  by  inserting  the  thermocouple, 
inclosed  in  thin  porcelain  tubes,  through  the  opening  in  the  front 
of  the  radiator.  In  using  the  latter  method  there  was  evidence 
showing  that  the  drop  in  temperature  was  partly  owing  to  a 
cooling  of  the  radiator  by  the  removal  of  the  thermocouple. 
Series  III  of  Table  3  was  made  on  a  Marquardt  porcelain  tube  by 
method  (i)  using  a  thermocouple  of  wires  o.i  mm  in  diameter, 
and  the  temperature  was  found  uniform  for  a  distance  of  12  cm 
from  the  radiating  wall,  where  it  suddenly  dropped  16^.  The 
small  fluctuations  in  temperature  uniformity  may  be  due,  in  part, 
to  lack  of  homogeneity  in  the  exploring  thermocouple. 
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From  the  fact  that  the  radiator  was  heated  to  a  uniformity  of 
i^,  over  three  times  the  length  of  the  theoretically  perfect  radiator, 
it  appears  as  though  a  imif  ormly  heated  inclosure  had  been  attained 
to  a  sufficiently  high  d^;ree  of  accuracy  for  the  work  at  hand.  By 
cutting  the  platinum  wire  much  narrower  at  the  ends  the  tempera- 
ttune  compensation  could  have  been  produced  over  a  greater  length 
of  the  radiator,  but  there  appeared  no  advantage  radiometrically, 
by  so  doing.  On  the  other  hand,  it  wotdd  have  been  disadvanta- 
geous in  qiiickly  heating  the  radiator  to  have  the  platinum  cut 
much  narrower  at  the  ends ;  for,  owing  to  the  low  heat  conductivity 
of  the  porcelain,  it  would  become  overheated  at  the  ends  when 
starting,  and  the  tube  wotdd  break  or  its  outer  surface  would  crack. 
As  used,  the  temperature  of  the  radiator  could  be  raised  to  1500^ 
in  less  than  three  hours  without  danger  of  breaking  the  porcelain 
tube.  It  was  found,  however,  that,  after  a  tube  had  been  heated 
25  or  30  times,  the  platinum  seemed  to  shrink  into  the  porcelain, 
causing  a  pinkish  colored  compound  which,  on  account  of  its 
diflferent  expansion  coefficient,  would  chip  loose  and,  by  warping, 
would  tear  the  platinum  ribbon. 

The  radiating  diaphragm  was  adjusted  and  focussed  upon  the 
spectrometer  slit  by  inserting  into,  and  illuminating,  the  interior 
of  the  inclosure  by  means  of  an  especially  prepared  Nemst  glower, 
I  cm  long,  which  was  operated  on  a  transformer.  In  this  manner, 
especially  when  using  unblackened  tubes,  there  was  no  difficulty  in 
making  these  adjustments.  On  interchanging  radiators,  tube  A, 
Fig.  2,  and  before  making  any  adjustments,  or  after  making  a  series 
of  observations,  the  image  of  the  center  of  the  thermocouple  was 
always  found  to  be  within  i  mm  of  the  center  of  the  slit.  The 
water-cooled  shutter  was  then  secured  in  place  and  the  adjustments 
tested.  This  glower  was,  of  course,  removed  before  making  obser- 
vations. The  radiator  had,  of  course,  to  be  adjusted  so  that  the 
light  fell  centrally  upon  the  prism  face.  This  was  accomplished 
by  heating  the  radiator  to  1200^  to  1300^  and  adjusting  the  optical 
bench  upon  which  it  rested.  The  adjustments  were  also  tested  by 
sending  the  light  from  a  Nemst  glower  through  the  spectrometer 
in  the  reverse  direction.  For  this  purpose  the  viewing  microscope 
was  removed  from  the  bolometer,  D,  Fig.  i,  and  the  light  from  a 
Nemst  glower  was  passed  along  its  axis.  This  of  cotu'se  produced 
20583®— 14 — ^3 


30 


Bulletin  of  ihe  Bureau  of  Standards 


iVcLn 


a  spectrum,  part  of  which  passed  through  the  spectrometer  slit 
and  from  thence  passed  out  into  the  radiator.  With  a  right- 
angled  prism  or  mirror  it  was  possible  to  determine  the  accuracy 
of  the  adjustments  upon  the  diaphragm;  or  with  the  inner  tube, 
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i4,  Pig.  2,  removed  it  was  possible  to  adjust  the  axis  of  the  radiator. 
These  various  adjustments  were  preUminaries,  and  as  already 
mentioned  the  final  adjustment  was  made  by  heating  the  radiator 
to  a  high  temperature  and  tracing  the  spot  of  light  emanating 
therefrom  through  the  entire  apparatus. 
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5.  Water-Cooled  Shuttars. — ^Two  different  types  of  water-cooled 
shutters  were  used  in  this  investigation.  The  first  type,  ''shutter 
No.  i/'  shown  in  Pig.  3,  I,  consisted  of  a  large  stationary  copper 
shield,  5,  I  cm  in  thiclmess  and  5  by  50  cm  in  area  which  was 
filled  with  water.  To  this  shield,  was  attached  a  shutter,  d,  of 
thin  sheet  copper,  5.5  by  6  in  area  and  i  cm  in  thickness,  which 
could  be  raised  or  lowered  in  front  of  the  opening  in  the  shield,  5, 
thus  admitting  radiation  into  the  spectrometer.  This  shutter 
contained  a  thermometer,  T,  and  through  it  a  stream  of  water 
was  kept  flowing.  The  temperature  of  the  water  flowing  in  the 
shutter,  d,  varied  from  6  to  15^,  depending  upon  the  temperature 
of  the  radiator  and  the  outside  air.  Water  was  also  kept  flowing 
through  the  shield,  a,  which  was  6  cm  in  diameter  and  i  cm  in 
thickness.  This  shield  contained  a  slot  into  which  was  slipped 
thin  brass  plates,  c,  having  openings  varying  from  3  to  6  mm. 
After  the  black  body  radiator  had  been  adjusted  to  the  spectrom- 
eter, the  shield,  a,  was  clamped  firmly  in  front  of  the  opening 
m  the  radiator.  This  outfit  was  used  on  ''Series  of  1909"  where 
the  black  body  stood  directly  in  front  of  the  spectrometer  slit. 
The  shutter,  d,  was  also  used  with  a  similar  shield  5,  of  somewhat 
smaller  dimensions.  Fig.  i,  in  "Series  IX,  1912."  However,  it 
permitted  too  much  (hiunid)  air  to  enter  the  spectrometer  case, 
hence  it  was  discarded.  The  second  type  of  shutter,  Fig.  3,  JI, 
consisted  of  a  stationary  shield,  S,  of  thin  copper,  40  by  20  and  i 
cm  thickness,  shown  at  5  in  Fig.  i ,  which  was  filled  with  water. 
Water  was  kept  flowing  through  the  smaller  shield,  a,  which  was 
6  in  diameter  and  i  cm  in  (internal)  thickness.  After  the  radi- 
ator was  adjusted,  this  shield,  a,  was  centered  before  the  opening 
and  rigidly  clamped  at  a  distance  of  2  or  3  mm  from  the  end  of 
the  radiator.  As  a  further  precaution  this  shield  was  fastened  to 
the  end  of  the  black  body  radiator  by  means  of  plaster  of  Paris. 
The  shutter,  c,  consisted  of  a  sheet  of  brass  about  1.2  mm  in 
thickness  and  2  by  i  cm  in  area  which  moved  in  vertical  ways 
close  against  the  water-cooled  shield,  a.  It  therefore  had  very 
closely  the  temperature  of  the  shield,  which  as  in  shield  No.  I 
varied  from  6  to  15^  C.  The  shutter,  c,  was  raised  by  means  of  a 
cord  and  pulley,  as  shown  in  the  photographic  illustration.  Fig.  5, 
accompan3dng  this  paper,  and,  owing  to  the  friction  in  the  slots 
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reqtiited  a  small  weight,  w,  to  be  attached  permatiently  to  cause 
it  to  return,  by  gravity.  The  knife-edge  hole,  d,  in  the  diaphragm, 
a,  was  4  mm  in  diameter,  which,  by  the  geometrical  construction 
of  the  apparatus,  did  not  permit  radiations  from  the  side  walls 
to  fall  upon  the  spectrometer  slit.  The  two  shields,  5,  and  a, 
were  connected  with  a  flexible  leather  bellows,  fr,  which  prevented 
air  from  passing  into  the  spectrometer  box.  It  avoided  also  jar- 
ring and  displa^ment  of  the  adjustments  by  expansions  and  con- 
tractions in  the  radiator.  The  shutter,  a,  was  placed  as  close  to 
the  radiator  as  the  expansion  of  the  porcelain  tube  would  permit, 
and  the  intervening  space  was  packed  with  asbestos.  By  opening 
this  shutter  only  when  observations  were  made,  it  was  possible 
to  reduce  the  humidity  of  the  inclosed  air  in  the  spectrometer 
box  and  keep  it  fairly  constant  while  making  observations.  No 
attempt  was  made  to  keep  a  record  of  the  temperature  of  the  thin 
metal  shutter,  a,  for  it  never  differed  sufficiently  from  the  bolom- 
eter to  enable  one  to  detect  experimentally  radiations  passing 
to  or  from  the  bolometer.  Any  corrections  that  would  have  to 
be  made  to  the  spectral  energy  curves,  owing  to  an  exchange  of 
radiations  between  the  shutter  and  the  bolometer,  would  fall 
beyond  6fi,  while  the  computations  of  the  present  research  usually 
do  not  extend  beyond  5.8fi. 

6.  Temperature  Scale  and  Temperature  Measurements. — ^The 
temperattue  of  the  radiator  or  so-called  black  body  was  determined 
by  means  of  two  Heraeus  thermocouples  of  Pt  and  P^+  lo  per  cent 
Rk.  One  of  the  thermocouples  was  placed  horizontally  across  and 
in  contact  with  the  front  side  of  the  radiating  diaphragm  of  the 
black  body,  as  shown  in  Pig.  4,  A,  which  is  a  section  viewed  from 
above.  The  lead-wires  passed  out  through  the  rear  of  the  radiator 
to  the  ice  box.  Pig.  i.  In  the  "Series  of  1912''  when  the  iimer 
walls  and  the  front  side  of  the  radiating  diaphragm  were  painted 
with  chromium  oxide  or  cobalt  oxide,  which  becomes  electrically 
conducting  at  1200^,  the  front  thermocouple  was  completely 
inclosed  in  a  porcelain  insulating  tube,  as  shown  in  Pig.  4,  B.  The 
short  piece  of  porcelain  which  lies  across  the  radiating  wall  of  the 
black  body  was  covered  with  cobalt  oxide.  Since  the  cobalt  oxide 
did  not  adhere  well  to  the  porcelain  tube,  the  latter  was  first 
covered  with  a  thin  layer  of  iron  oxide,  obtained  by  wetting  the 
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porcelain  tube  with  writing  ink  which  was  burned  into  the  tube. 
The  cobalt  oxide  paint  was  then  applied  and  also  burned  upon  the 
tube  by  means  of  a  blast  lamp.  After  replacing  the  thermocouple 
inclosed  in  this  short  tube  within  the  radiator  the  whole  interior 
was  again  painted  with  a  mixture  of  cobalt  and  chromium  oxides. 
In  order  to  be  able  to  insert  the  thermocouple  including  the  short 
tube,  and  also  to  paint  the  interior  of  the  radiator,  the  first  dia- 
phragm (which  in  the  commercial  porcelain  tube  has  an  opening 
of  only  I  cm)  was  removed,  Pig.  4,  B,  and  after  making  all  the 
adjustments,  another  porcelain  diaphragm  was  put  in  its  place. 

The  cobalt  oxide  has  a  high  temperature  coefficient  of  absorp- 
tion, so  that  it  appears  black  on  slight  heating.  Its  emission 
spectrum  ^  is  continuous  so  that  there  is  less  difficulty  in  producing 
a  perfect  radiator  than  when  the  radiating  inclosure  is  of  white 
porcelain.^  However,  porcelains  having  a  low  melting  point 
when  heated  above  1000^  emit  a  far  more  continuous  spectrum 
than  the  "Marquardt  porcelain"  from  which  are  made  the  black 
bodies  ordinarily  used. 

All  these  tubes,  especially  the  painted  ones,  become  electrically 
conducting  when  heated  above  1300^,  so  that  for  higher  tempera- 
tures the  radiator  was  heated  by  alternating  current  from  a  motor- 
generator  which  was  operated  from  a  storage  battery.  By  this 
means  there  was  no  more  difficulty  in  maintaining  a  constant 
curfent  than  when  heating  the  radiator  directly  by  means  of  cur- 
rent from  a  storage  battery.  By  means  of  a  low  resistance  rheostat 
at  the  observing  table,  the  current  could  be  regulated  so  that  the 
temperature  of  the  radiator  could  be  kept  constant  to  a  few  hun- 
dredths of  a  degree.  No  observations  were  made,  especially  at 
high  temperatures,  when  the  temperature  fluctuated  as  mudb  as 
o.  I  ^  from  the  mean  value  at  which  the  radiator  was  being  operated. 

The  temperature  of  the  front  side  of  the  radiating  wall  was  regu- 
lated by  the  heating  current  and  the  temperature  of  the  rear  side 
of  the  radiating  wall  was  brought  to  that  of  the  front  side  by 
changing  the  size  of  the  opening,  Fig.  4,  at  the  rear  end  of  the 
radiator.  This  was  done  by  means  of  asbestos  fiber.  The  amount 
of  adjustment  of  the  opening  had,  of  course,  to  be  r^^ulated  at 
every  heating  of  the  radiator,  and  also  dtuing  a  series  of  observa- 

**  larcrtigBtioat  of  the  loCnirRed  Spectn,  No.  97.  p.  zio,  Cunegic  InstJttttioo  oi  WaaliiiicU»,  1906. 
**  Thlf  BiillcCin,  ft  p.  8s ;  i9sa.    (See  p.  106.) 


Bulletin  of  the  Bureau  of  Standards 


CabUHial 


Constants  of  Spectral  Radiation 


35 


tions.  This  was  entirely  a  matter  of  experience  and  there  was  no 
difficulty  in  keeping  the  temperature  difference  of  the  two  sides  of 
the  radiating  diaphragm  to  within  a  few  tenths  of  a  degree.  It 
was  then  assumed  that  the  true  temperature  of  the  radiating 
diaphragm  was  that  measured  by  the  thermocouples;  and  it  was 
felt  that  the  temperature  measurements  were  as  well  known  as  is 
the  temperature  scale.  It  is  to  be  noticed,  however,  that  the 
temperatures  used  fall  well  within  the  region  of  the  known  tenu 
perature  scale.  An  error  of  i^  or  2^  in  the  measurements  of  the 
temperature  would  mean  an  accuracy  of  i  to  2  parts  in  1400  to  1800, 
which  is  a  far  greater  precision  than  is  possible  with  the  other 
measurements  involved  in  the  experiments. 

The  thermoelectric  measurements  were  made  by  means  of  a 
potentiometer  and  a  standard  cell,  both  of  which  were  standardized 
by  the  Electrical  Division  of  this  Bureau  at  the  beginning  of  a 
series  of  measurements. 

The  thermocouples  were  frequently  standardized  by  the  Heat 
Division  of  this  Bureau,  by  determining  their  emfs  at  the  freezing 
points  of  zinc  (419.  *^2),  antimony  (630.^0),  and  copper  (1083®). 
From  these  emfs  and  temperatures  the  calibration  curve  was  com- 
puted by  the  formula 

E'^a+bt+ct^ 

This  is  the  thermoelectric  scale  which  on  extrapolation  beyond 
1400^  differs  from  the  optical  scale  **  based  on  the  Wien  equation 
using  C— 14  500  (i.  e.,  differs  from  the  thermodynamic  scale)  by 
the  amounts  given  in  Table  4. 

TABLE  4 


(iBMIlfalllM).... 

oMdbyW.W.C. 


1200c 
0 
0 


1300 
2 

0 


1400 
6 
1 


1500 
14 
7 


1600* 

2S 

18 


The  temperature  scale  used  in  the  present  investigation,  for 
temperatures  above  1400^,  is  the  Optical  Scale  **  which  is  obtained 

*  Waidacraad  Burgcts:  this  Bulletin,  t«  p.  tos,  t907,TiU>leM. 

*  Modified  MCKpUincd  in  the  text;  for,  utiiifftlie  unmodified  lMtoii,t]MVB]t^  ahaaf^ 
mtl  sad  tyitmatic  increue  in  vahie  tt  tempenturei  higher  than  1400*  C  We  are  therdbrc  f oroed  to 
cfaooiebetvreeathepo«ibiUty(t)t]i«tthisTtfiatlonito^vinctothefai]nf«olF]aadL'ikw  tem- 
pcmtafcf  or  (3)  tliftt,  for  the  particulftf  thennocooplee  need  in  this  resesrcfa,  the  given  correction  lecton 
for  reduction  to  the  optical  scale  are  too  huie.  The  writer  has  diosca  the  latter  conchislan,  and  the  result- 
obtained  at  high  and  low  tcmperatnci  ara  now  in 


36  Bulletin  of  the  Bureau  of  Standards  ivw.  m 

by  adding  to  the  thermoelectric  temperattires  a  proportionate 
amount  of  the  corrections  given  in  the  lower  line  in  Table  4. 
This  correction  is  somewhat  smaller  than  given  by  Waidner  and 
Burgess,  owing  to  the  fact  that  their  corrections  relate  to  the 
mean  values  of  five  different  thermocouples.  The  emfs  of  the 
thermocouples  used  in  the  present  research  correspond  very 
closely  with  the  thermocouple,  P,  (used  by  Waidner  and  Burgess), 
which  indicated  temperatures  5  to  7^  higher  than  the  mean  value. 
Hence  the  corrections  (which  become  operative  at  1400^  C.)  to 
reduce  the  observed  temperatures  to  the  optical  scale  are  smaller 
by  5  to  7^,  depending,  of  course,  upon  the  temperature.  The  cor- 
rection is  quite  large  at  1500^,  which  may  account  for  some  of  the 
high  values  of  the  constant,  C,  which  still  appear  to  be  a  trifle 
larger  at  high  temperatures  than  at  low  temperatures.  However, 
this  occurrence  of  high  values  of  C  at  high  temperatures  is  not 
sufficiently  systematic  for  the  observations  on  different  years  to 
conclude  that  it  is  owing  to  this  correction  to  the  temperature 
scale  (i.  e.,  thermocouple  readings  reduced  to  the  gas  scale)  or  to 
a  deviation  of  the  observed  ctuve  from  the  Planck  equation,  but 
is  the  result  of  other  experimental  errors.  In  future  work  it  is 
purposed  to  calibrate  the  thermocouples  by  using  the  melting 
p9int  of  palladium  as  the  highest  fixed  point,  thus  eliminating 
this  correction.  This  correction  is  of  minor  importance  since  but 
few  energy  curves  were  obtained  at  temperatures  higher  than 
1400^  C,  and  hence  can  not  affect  the  mean  value  of  the  present 
restilts.  The  correction  has  no  effect  whatever  upon  the  data 
obtained  in  191 2  (which  is  the  crucial  work),  and  ordinarily  it 
might  have  gone  unmentioned. 

7.  Description  of  the  Assembled  Apparatus. — ^In  Fig*  5  is  shown 
a  photograph  of  the  radiometric  apparatus  as  used  in  the  latter 
part  of  the  investigation.  The  essential  parts  of  the  apparatus 
are  shown  in  Fig.  i .  Beginning  at  the  extreme  left  of  the  plate, 
the  double-walled  ice  box,  /,  contained  the  cold  junctions  of  the 
thermocouples.  The  radiator  is  at  il ,  and  is  shown  in  more  detail 
in  Fig.  2.  An  iimer  platinum-wound  tube  (broken)  is  shown  at 
Pt.  The  mam  rheostats  are  at  R,  and  the  ammeter  is  shown  at 
Am.  The  water-cooled  shutter  and  the  water-cooled  diaphragm 
are  shown  at  S,  Figs,  i  and  4. 
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The  air-tight  metal  box,  B,  contains  a  plane  mirror  and  a  con- 
cave mirror  (5  cm  in  diameter,  50-cm  focal  length)  for  focusing 
the  radiating  diaphragm  (d,  Fig.  2)  upon  the  spectrometer  slit. 
It  contains  also  glass  dishes  with  dry  potassium  hydroxide  and 
phosphorus  pentoxide.  The  helium  tube,  He,  can  be  rotated  about 
a  vertical  axis  so  that  it  comes  in  front  of  the  spectrometer  slit. 
The  tube  is  excited  by  a  2000-volt  transformer  situated  at  t,  and 
the  air  is  agitated  by  fans  (/,  /,  Fig.  i)  operated  by  a  motor,  m. 

The  spectrometer,  with  its  optical  parts  inclosed  in  an  air-tight 
metal  box,  is  shown  at  C.  The  glass  dishes  containing  phosphorus 
pentoxide  are  below  the  optical  path  and  in  the  metal  boxes,  d, 
the  bottoms  of  which  may  be  unscrewed  to  renew  the  phosphorus 
pentoxide.  The  three  lids  on  top  of  the  spectrometer  box  admit 
adjustment  of  the  optical  parts.  They  are  closed  with  tmiversal 
wax.  A  thermometer  is  shown  at  Th.  The  spectrometer  circle 
is  viewed  by  means  of  a  telescope,  T,  and  is  rotated  by  a  lever, 
both  of  which  are  situated  on  the  small  observing  table,  O.  The 
spectrometer  and  the  radiator  are  joined  to  the  box,  B,  by  means 
of  flexible  leather  bellows  (fr,  b,  Fig.  i),  which  prevents  any  strain 
acting  upon  the  spectrometer  arm. 

The  vacuum  bolometer  is  within  the  metal  case,  D.  For  clear- 
ness of  illustration  the  Geryk  oil  pump,  used  in  evacuating  the  bolo- 
meter, was  placed  at  P.  When  in  operation  it  is  joined  to  the 
large  glass  bottle,  g,  which  is  in  series  with  the  bolometer.  The 
bolometer  is  kept  balanced  by  rotating  the  light  metal  arms  which 
extend  to  the  observing  tables,  O.  The  auxiliary  galvanometer 
inclosed  in  its  iron  shields  is  shown  at  G.  It  is  mounted  upon  a 
massive  wall-bracket  upon  which  is  placed  a  heavy  slab  of  marble. 

Upon  the  large  observing  table,  O,  are  situated  a  telescope  and 
scale,  T,  for  reading  the  galvanometer,  G;  a  potentiometer  (the 
auxiliary  moving  coil  galvanometer  is  at  GO  and  illuminated  scale, 
E;  and  mercury  switches  leading  to  the  thermocouple  wires  (shown 
strung  across  the  room  to  the  ice  box,  I) .  Upon  the  small  observ- 
ing stand  are  mercury  and  knife  switches  which  are  accessory  to 
the  bolometer  and  its  galvanometer;  also  a  telescope  for  setting 
the  spectrometer  drde  and  a  dial  resistance  in  series  with  the 
galvanometer,  G.  On  the  lower  shelf  of  this  table  is  shown  the 
standard  100  ooo-ohm  box,  and  a  low  resistance,  r,  which  is  used 
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ig  the  electric  current  used  in  heating  the  radiator,  A , 
lining  it  at  a  constant  temperature.  The  water-cooled 
pened  and  closed  by  means  of  a  cord  which  passes  over 
at  5.  By  means  of  these  devices  the  observer,  at  O, 
control  all  the  operations  necessary  in  order  to  obtain  a 
ergy  curve.  These  operatioiis  included  testing  of  the 
ter-bolometer  sensitivity,  balancing  the  bolometer, 
spectrometer  circle,  maintaining  the  radiator  at  a  ocm> 
eratuie,  reading  the  galvanometer  deflections,  etc 
inting  for  the  hemispherical  mirror  used  in  an  invesd- 
iffuse  reflection  "  is  shown  at  Dr.  'Hie  short-focus  spec- 
sed  in  photographing  the  light  of  the  firefly ,»•  and  for 
ipectral  energy  curves  ■•  in  the  visible  and  ultra-violet 
i  spectrum  is  shown  at  Sp. 

tiple  sectored  disk  *•  (without  its  motor)  previously 
}  shown  at  Sd. 

mve  Indices  Used  for  Calibratton.— Until  within  the 
iars  there  was  a  wide  discrepancy  in  the  indices  of  rrfrac- 
:  salt  and  of  fluorite,  as  determined  in  Ein-ope  and  in  this 
rhe  foreign  investigators  using  miirxir  spectrometers  of 
m  focal  length  and  bolometers  subtending  an  angle  of 
arc  attempted  to  attain  an  accuracy  which  they  sup- 
outweighed  the  precision  attainable  by  Langley  and 
L  their  spectrobolometer,  which  had  a  focal  length  of  2.3 
.  subtended  an  angle  of  7"  to  i  '.3.  In  this  particular 
■k  "size  is  a  most  important  element  of  accuracy."  *• 
anation  of  this  discrepancy  was  finally  obtained  in  1908, 
den  **  published  a  redetermination  of  the  indices  of  re- 
rock  salt,  which  are  in  perfect  agreement  with  the 
lined  by  Langley.  This  gave  a  clue  to  the  discrepancy 
ctive  indices  of  fluorite.  Langley  and  Abbot  had  found 
ive  indices  of  fluorite  indirectly  by  comparing  bolo- 
iie  solar  spectrum  which  had  been  obtained  by  means  of 

"ThiiBulkUn.t.p-iai,  i9ij.I-PrukllaIiut..l,T4.  p.Mvl'itii- 
XTtabbuUeUB,?,  p.  iw;  tgtl. 
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o  laniltr:  Aimala  AitT(if>liT*.  Obt..  vol.  i , 
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the  two  kinds  of  prisms.  Therefore  Paschen's  refractive  indices  of 
flourite  should  agree  with  those  obtained  by  Langley  and  Abbot. 
Applying  the  correction  for  temperature  coe£Bicient  ^  to  Paschen's 
most  recent  determinations  of  the  refractive  indices  of  fluorite,^ 
which  are  considered  the  most  reliable,  it  was  found  that  his  values 

TABLE  5 

Refractiye  Indices,  n,  of  Fluorite  at  20^;  Data  from  Langley  and  from 

Vaactkea 


WavftlangCh 

n 

Log  n 

Wav»lm|tli 

n 

Logn 

asan 

1.48390 

ai565180 

2.6519 

1.42019 

.1523485 

.6562 

257 

.1561158 

2.700 

.41988 

.1522517 

.6867 

200 

.1559430 

2.800 

923 

.1520528 

.71836 

157 

.1558126 

2.850 

890 

. 1519518 

.76040 

101 

.1556426 

2.9466 

823 

.1517467 

•  .8840 

1.42981 

.1552783 

aoso 

L 41748 

.1515160 

LOOO 

896 

.1550200 

3.098 

714 

.1514U4 

LlOO 

834 

.1548316 

3L241 

600 

.1510900 

1.1786 

789 

.1546948 

3.400 

487 

.1507134 

L2S0 

752 

.1545822 

3.5359 

376 

.1503788 

1.37S6 

L43689 

.1548905 

3.8306 

L 41119 

.1495855 

1.4733 

642 

.1542474 

4.000 

.40963 

. 1491051 

1.5715 

S96 

.1541073 

4.1252 

847 

.1487476 

1.650 

556 

.1599916 

4.250 

722 

.1483620 

L7680 

502 

.1538210 

4.400 

568 

.1478710 

L840 

L 42468 

.1537173 

4.600 

L40355 

.1472279 

LMO 

439 

.1536274 

4.7146 

233 

.1468502 

L9153 

431 

.1536046 

4.800 

130 

.1465311 

LM44 

407 

.1535313 

1000 

L39900 

.1458177 

8.0626 

357 

.1533789 

13036 

9522 

.1446427 

2.1606 

1.42306 

.1532282 

18932 

L 88712 

.1421141 

2.250 

258 

.1530758 

6.4825 

7821 

.1893154 

2^8573 

198 

.1528920 

7.0718 

6805 

.1361020 

2.450 

144 

.1527272 

7.6612 

5670 

.1824838 

2. 5537 

080 

.1525329 

8.2505 

LS4440 

.1285290 

fall  exactly  upon  the  dispersion  curve  of  fluorite  published  by 
Langley.^  Hence,  for  the  region  of  the  spectrum  to  3.5/i  to  whidi 
Langley's  work  applies,  the  curve  (PL  XXVI B,  loc.  dt.)  of  refrac- 
tive indices,  which  represents  the  observations  of  both  observers, 
was  adopted  in  the  present  research.    This  is  a  large  plate,  and  the 

'Micfaeli:  Aim.  der  Phjn.  (4).  7,  p.  772:  1909.    Uebrddi:  Verh.  Fhys.  Geacll.,  18*  p.  z;  19x1. 

M  PMchCB;  Asm.  der  Phys.  U)»  ^t  P*  jm;  1901. 

*  Laiiffcjr:  Amuds  Astrophyi.  Obs.,  SmitliMalui  iMdtutioii.  vol.  z.  p.  sia.  Plate  XXVI,  B;  Z90a. 
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refractive  indices  are  drawn  to  a  scale  of  i  nun"  0.002^-  Beyond 
3.5/A  Paschen's  refractive  indices  were  employed.  The  values 
adopted  in  computing  the  calibration  curve  used  in  the  present 
research  are  given  in  Table  5.  The  necessity  of  this  high  accuracy 
arises  in  computing  the  slit-width  correction  for  reducing  the 
observations  from  the  prismatic  to  the  normal  spectrum. 

The  value  of  the  refractive  index  for  X= 0.58932/*  was  adopted 
from  a  consideration  of  the  observations  of  Stefan,  Sarasin,  Pul- 
firich,  Simon,  Carvallo,  Martens,  and  Paschen.  The  values  of 
these  various  observers  differ  but  little  from  the  adopted  value,  the 
greatest  difference  amounting  to  perhaps  5''  in  the  minimum 
deviation  of  the  D-lines  of  sodium. 

That  high  precision  was  attained  in  the  present  calibration  is 
evident  from  the  fact  that,  by  a  single  measm^ment,  the  intense 
emission  line  of  helium  ^*  was  located  at  X « i  .084/i.  The  mean 
value  of  a  large  niunber  of  determinations  by  Paschen  ^^  using  a 
large  grating  is  X=  1.083/A. 

A  variation  in  temperature  of  i^  causes  a  change  in  refraction  of 
about  I'^75  hi  a  fluorite  prism.  The  experiments  of  Micheli  and 
Liebrdch  (loc.  cit.)  show  that  the  temperatm^  coefficient  of  re- 
fraction is  quite  constant  for  the  infra-red  region  of  the  spectrum 
concerned  in  the  present  investigation,  so  that  the  correction  for 
change  in  dispersion  is  negligible.  The  essential  reqtiirement  is  to 
maintain  an  accurate  setting  of  the  bolometer  upon  the  sodium 
lines,  the  "zero  setting." 

The  calibration  was  computed  for  20^  C,  and  since  the  tempera- 
ture within  the  spectrometer  box  departed  only  about  i  ^  from  this 
value,  no  correction  is  necessary  to  the  observed  data. 

9*  Fiducial  Reference  Lines. — The  position  which  the  bolometer 
occupies  in  the  spectrum  is  determined  from  the  calibration  curve 
computed  from  the  minimum  deviation  settings  on  the  spectro- 
meter circle,  and  the  corresponding  wave  lengths.  These  mini- 
mum deviation  settings  are  computed  from  a  knowledge  of  the 
angle  of  the  prism  and  the  values  of  the  refractive  indices  just  dis- 
cussed. The  fiducial  reference  line,  the  "  zero  "  of  the  spectrometer 
circle,  is  the  sodium  line  X = 0.5893/i.  For  convenience  this  "  zero  " 
of  the  spectrometer  circle  is  set  at  some  whole  number,  say  10^  o' 

*  This  Bulletin,  9.  p.  8x,  i^zs.    (Sec  p.  95.)         ^  Paicfacn:  Ann.  der  Phyt.  (4).  S7.  p.  537,  xgoft. 
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o",  and  the  sodium  line  is  caused  to  fall  upon  the  bolometer  strip. 
If  the  temperattire  changes  appreciably  during  the  observations  the 
refraction  of  the  prism  changes  noticeably  and  the  sodium  line  will 
no  longer  fall  upon  the  bolometer  strip  when  the  "  zero  setting  *'  is 
at  10^.  This  was  the  method  used  for  checking  the  adjustment  at 
the  beginning  and  end  of  every  series  of  observations.  The  bolom- 
eter was  provided  with  a  micrometer  screw  ^  for  malring  this 
adjustment. 

The  use  of  the  sodium  lines,  X— 0.5893^  as  a  standard  of  refer- 
ence was  inconvenient,  and  the  more  intense  yellow  helium  line 
X»o.5876/i  was  adopted  for  the  ''zero  setting."  Repeated  tests 
during  the  past  five  years  failed  to  indicate  an  error  as  great  as  5'' 
in  setting  the  bolometer  on  these  lines.  The  helium  tube  was 
pivoted  so  that  it  could  be  swung  in  front  of  the  spectrometer  slit» 
as  shown  in  Pigs,  i  and  5. 

JO.  Coirecttons  for  Selective  Reflection. — ^The  radiations  from 
the  black  body  are  reflected  five  times  at  silvered  surfaces  and  must 
pass  through  the  fluorite  prism  and  the  fluorite  window  covering  the 
bolometer.  Experiments  made  by  Paschen  and  by  the  writer 
show  that  the  transmission  of  white  fluorite  is  uniform  through- 
out the  spectrum  to  about  jfi,  so  that  there  is  no  correction  for 
absorption  in  fluorite.  In  this  research  there  are  three  corrections 
to  the  spectral  energy  curves:  (i)  Acorrection  for  variation  in  the 
reflecting  power  (/?i)  of  the  fluorite  surfaces  (four  in  all,  R\) ,  which 
is  a  function  of  the  wave  length  and  the  refractive  index;  (2)  a 
correction  for  the  variation  in  reflecting  power  {R^  with  variation 
in  angle  of  incidence  upon  the  prism  face  (two  reflections,  R*^ ;  and 
(3)  a  correction  for  the  variation  in  the  reflecting  power  (five  re- 
flections, R^)  of  silver  with  wave  length. 

The  value  of  R^  was  computed  by  the  well-known  Fresnel 
formula;  /?i  —  [(n^i)-5-(n+i)p  using  fihe  refractive  indices  given 
in  Table  5.  The  values  are  given  in  Table  6.  The  correction  for 
variation  in  the  reflecting  power  (R^  with  angle  of  incidence  upon 
the  prism  face  was  computed  from  the  Fresnel  formula: 


/?  =^  =  i  ^'C^""^)  -i-  ^  tang*(i— y) 
'    /o    2  sin*(i+f)     2  tang*(i+f) 


*  See  Pif .  9,  this  Bulktia.  4,  p.  439;  1907- 
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where  t-^angle  of  incidence  and  r  is  the  angle  of  refraction.  For 
minimum  deviation  r^^r^^aja  where  a  is  the  refracting  angle  of 
the  prism. 

The  correction  for  the  variation  in  the  reflecting  power  of  silver, 
with  variation  in  the  angle  of  incidence,  was  investigated  ^*  and 
found  to  be  only  0.12  per  cent  per  ddjgxee  of  angular  rotation  for 

TABLE  6 

Showing  Ae  Variation  in  Reflecting  Power,  R^,  of  Fluorite  with  Refracdve 
IndeXt  n;  and  R,,  with  Variation  in  the  Angle,  i,  of  Incidence 


a 

«-(S^l)' 

(ioo-ai)< 

1 

Ba 

(100-Bi)s 

aoo-Ri>« 

(100-Ri)« 

ji 

Par  east 

•         / 

Par  east 

ParMot 

a860 

0.0832 

87.87 

46     16.7             0 

.0442 

9L86 

78.80 

.3Sr7 

.0328 

.52 

8.7 

.0486 

.47 

80.07 

.486 

.0322 

.72 

45     56.3 

.0486 

.66 

.40 

.589 

.0317 

.91 

48.3 

.0480 

.78 

.66 

.760 

.0314 

80.02 

4L2 

0414 

.89 

.90 

.884 

.0318 

.06 

88L3 

.0412 

.98 

.98 

L179 

.0311 

.18 

S3L5 

0409 

.99 

8L04 

.478 

.0809 

.a 

8ao 

.0406 

98.04 

.19 

.572 

.0908 

.28 

28L8 

.0405 

.06 

.84 

.768 

.0907 

.87 

2&5 

.0404 

.08 

.28 

2.068 

.0905 

.84 

&0 

.0401 

.14 

.86 

.357 

.0804 

.28 

19L0 

,0980 

.28 

.50 

.947 

.0908 

.58 

lao 

.0802 

.81 

.79 

8.841 

.0297 

.64 

4.7 

.0980 

.89 

.92 

.586 

.0294 

.76 

44     S9L0 

.0804 

.47 

82.04 

4.125 

.0288 

.96 

4&2 

.0374 

.66 

.40 

.715 

.0281 

88L28 

81.4 

.0864 

.85 

.80 

5.804 

.0273 

•          •» 

14.2 

.0852 

93L08 

82.86 

.898 

.0263 

.89 

48     510 

.0338 

.85 

.97 

6.482 

.0253 

9a  25 

83L7 

.0924 

.62 

8144 

7.072 

.0842 

.67 

9.7 

.0908 

.93 

8119 

.661 

.0229 

9L15 

42     48l2 

.0291 

9186 

.98 

8.250 

jmt 

.64 

14.5 

U)872 

.59 

86.74 

angles  of  incidence  between  54^  and  64^.  Since  the  total  angular 
rotation  in  passing  from  i/i  to  6/i  is  less  than  4^  this  correction  is 
n^ligible.  As  already  mentioned  the  whole  optical  sy^em  being 
inclosed  and  the  moisture  eliminated,  the  silver  mirrors  could  be 
kept  indefinitely.  However,  they  were  silvered  each  year,  at  the 
beginning  of  a  new  series  of  observations. 


«  Thit  BuUctia,  •.  p,  t83,  1913. 
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The  values  for  the  reflectmg  power  of  silver  were  adopted  after 
a  consideration  of  the  experimental  data  of  various  experimenters, 
especially  the  data  of  Hagen  and  Rubens,  and  of  Paschen.  The 
data  are  given  in  Table  7.  Beyond  1.7/*  the  reflecting  power  of 
silver  is  practically  constant  and  for  convenience  in  computation 
the  last  column  in  Table  7  gives  the  correction  for  five  reflections 
on  the  basis  that  beyond  2/i  the  reflecting  power  of  silver  is  con- 
stant. A  new  determination  of  the  reflecting  power  of  silver  "  by 
a  slight  modification  of  the  method  used  for  measuring  the  diffuse 
reflecting  power  of  matte  surfaces  gave  values  which  are  in  excel- 
lent agreement  with  the  results  of  other,  more  elaborate  methods 
used  in  determining  reflectivity. 

TABLE  7 
Showing  the  Reflectmg  Power  of  Silver  for  3  and  for  S  Minoxs 


a 

R 

R* 

Rs 

R» 

(2to8«- 
100%) 

Jl 

R 

R< 

R» 

'\^ 

OL40 
.45 
•  48 

a840 
.880 
.894 
.900 
.914 
.925 
.985 
.942 
.947 
.951 

a58S 
.881 
.714 
.729 
.783 
.791 
.817 
.835 
.849 
.857 

a  418 

.528 

a485 
.587 

/I 
0.90 

LOO 

1.20 

1.30 

L40 

L52 

L607 

L800 

2.027 

2.043 

01960 
.964 
.972 
.974 
.976 
.977 
.978 
.9785 
.979 
.979 

a885 
.895 
.918 
.924 
.928 
.933 
.935 
.937 
.938 
.938 

a  815 

.833 

.868 
.877 
.883 

.890 
.895 
.897 
.899 
.899 

a906 
.926 
.966 

.90 
.56 

.590 

.660 

.976 
.982 

.00 
.65 

.878 

.754 

.990 
.996 

.70 
.75 

.741 

.824 

.998 

LOOO 

.80 

.774 

.861 

LOOO 

From  this  it  will  be  noticed  that  provided  the  optical  system  is 
enclosed,  which' preserves  the  silver  mirrors,  these  corrections  need 
be  computed  but  once,  and  it  is  felt  that  they  are  just  as  reliable 
as  (if  not  more  reliable  than)  direct  experimental  determinations 
of  the  absorption  in  the  apparatus  which  would  require  an  addi- 
tional spectroradiometric  outfit.  Such  a  direct  experimental 
determination  of  the  absorption  in  the  apparatus  is  made  daily 
by  Mr.  Abbot  at  the  Astrophysical  Observatory;  but  here  the 
silver  mirrors  are  but  in  the  open  and  the  measurements  relate  to 
the  visible  and  the  ultra-violet  spectrum,  where  the  optical  prop- 

•*  This  Bnlletin,  9.  p.  aSj,  X913. 
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erties  of  silver  are  entirely  different  from  those  that  obtain  beyond 
I /A  in  the  infra-red.  By  actual  measurement,  while  engaged  in 
the  determination  of  the  reflecting  power  of  metals,*^  the  increase 
in  absorption  of  a  silver  mirror  (which  to  the  eye  appeared  slightly 
tarnished  from  standing  in  the  air)  could  not  be  detected  with 
certainty  beyond  1.5  a*  when  compared  with  an  tmtamished  piece 
of  this  same  mirror  which  in  the  meantime  had  been  preserved 
in  a  desiccator  as  a  standard  of  reference.  In  the  ultra-violet,  of 
course,  this  tarnishing  would  have  caused  a  very  appreciable 
absorption.  As  already  stated,  the  spectrometer  mirrors  being 
entirely  enclosed  did  not  become  tarnished  *'  at  least  not  during 
the  few  months  during  which  a  series  of  observations  were  in  pro- 
gress. Moreover,  the  application  of  this  correction  decreases  the 
final  numerical  values  by  only  about  5  parts  in  1000.  The  coi^- 
rection  may  be  even  less  than  this  amount,  for  this  estimate  was 
obtained  by  recomputation  of  some  of  the  older  observations  in 
which  these  correction  factors  had  not  been  used.  It  was  then 
fotmd,  on  recomputing  the  observations  obtained  at  low  tempera- 
tures and  on  redrawing  the  curves  (from  which  the  constants  are 
eventually  obtained)  that  the  ordinary  errors  of  observation  were 
sufficient  to  mask  the  effect  of  the  correction.  The  writer  can  not, 
therefore,  consider  as  well  taken  any  criticism  that  may  be  raised 
in  regard  to  the  elimination  of  this  possible  source  of  error,  for 
there  are  too  many  other  errors  of  far  greater  magnitude. 

II.  Methods  of  Reduction  of  Data  to  Normal  Spectrum. — As 
already  mentioned,  the  spectrometer  settings — i.  e.,  the  calibration 
of  spectrum — is  obtained  by  computing  the  minimum  deviation 
settings  from  the  angle  of  the  prism  and  the  refractive  indices  given 
in  Table  5.  These  settings  are  usually,  of  cotuse,  tmeven  num- 
bers so  that  it  is  better  to  adopt  an  even  number  (say,  10®  o'  o") 
on  the  spectrometer  circle.  For  example  the  minimum  deviation 
setting  for  the  sodium  lines  is  31^  36'  3I'^  The  minimum  devia- 
tion setting  for  X—  1.7680ft  is  30*^  52'  53''.  The  difference  is  o®  43' 
38^^  and  since  the  prism  table  must  be  rotated  through  one-hsJf 
the  required  angle,  the  bolometer  strip  will  be  at  X«=  1.7680/i  when 
the  prism  table  is  rotated  o*^  21'  39''  from  the  zero  position  (the 

u  This  BuUctin,  7.  p.  197:  i9xz. 

u  See  "  Note  II.  Preservation  of  silver  mirrors, "  this  BuUetin.  7,  p.  mz;  1910. 
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sodium  lines  at  10**  o'  o")-  Of  course,  in  practice  the  spectro- 
meter settings  were  made  on  the  exact  divisions  of  the  spectrometer 
circle,  the  corresponding  wave  lengths  being  read  from  the  cali- 
bration curve,  and  the  values  tabulated,  Table  8.  For  example, 
with  the  sodium  lines  on  the  bolometer  and  the  spectrometer 
circle  reading  10®  o'  o''  a  rotation  of  i**  o'  o''  (spectrometer  read- 
ing 9®  o'  o")  placed  the  bolometer  strip  at  X—  4.0307/*  in  the  spec- 
tnun. 

The  calibration  curve  was  plotted  to  a  large  scale  to  insure 
accuracy.  The  scale  adopted  was  i  cm.  —  30''  —  0.02/i  or  i  mm.  — 
3''  —  0.002 fjL.  The  cross-section  paper  used  was  printed  from  an  ex- 
tremely accurate  lithographic  plate,  75  by  75  cm.  area.  This  large 
plate  made  it  possible  to  plot  from  8  to  12  points  in  one  continuous 
line  thus  increasing  the  accuracy.  Owing  to  the  uncertainty  in 
the  values  of  the  refractive  indices  (by  Paschen,  Rubens,  Carvallo, 
Langley)  available  when  the  radiation  work  was  first  begun,  this 
calibration  curve  has  been  computed  at  least  five  times  during  the 
past  seven  years.  The  greatest  uncertainty  lies  in  the  region  of 
I  .jfi  where  the  dispersion  of  flourite  has  a  point  of  inflection.  This 
is  manifested  in  the  "slit  width"  correction  which  reduces  the 
prismatic  to  the  normal  spectrum.  The  method  of  obtaining  this 
correction  will  now  be  described,  and  it  is  shown  in  Fig.  6.  From 
the  calibration  curve,  the  wave  lengths,  corresponding  to  every 
minute  on  the  spectrometer  circle,  were  tabulated.  The  bolo- 
meter was  constructed  to  subtend  4^  (width  —  0.6  mm)  and  from 
the  tabulated  data  just  mentioned  it  was  possible  to  determine 
the  wave  lengths  comprised  in  4'  of  arc,  in  different  parts  of  the 
spectrum.  These  values  of  dX  were  then  plotted  as  ordinates 
against  the  wave  lengths  to  which  they  correspond  in  the  spectrum, 
as  shown  in  Fig.  6.  The  earlier  computations  gave  a  wavy  series 
of  points  which  fall  regularly  above  and  below  the  smooth  curve. 
This  is  no  doubt  due  to  systematic  errors  in  the  older  values  of  the 
refractive  indices.  The  final  values  computed  from  the  refractive 
mdices  given  in  Table  5  fall  close  to  the  curve.  However,  in  the 
region  of  1.7/i,  where  there  is  a  point  of  inflection,  it  was  necessary 
to  adjust  the  values  to  a  smooth  curve.  The  uncertainty  in  the 
values  of  dX/dd  in  this  region  of  the  spectrum  fall  in  the  fomth 
decimal  place  and  while  the  variations  appear  large,  it  is  to  be 

»0583®— 14 4 
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noticed  that  in  comparison  with  the  whole  range  of  the  spectrum 
they  are  quite  small.  This  **  slit  width "  curve  is  an  excellent 
check  upon  the  accuracy  of  the  calibration  cturve. 

The  values  of  the  ''slit  widths"  SIV  (read  from  the  original 
curve,  of  which  Fig.  6  broken  into  several  parts  is  a  copy)  of  the 
bolometer  for  reducing  from  the  prismatic  to  the  normal  spectrum 
are  given  in  column  3  of  Table  8.  Columns  4  and  5  of  Table  8 
give  the  complete  factors  for  reducing  the  present  observations 
to  the  normal  spectrmn.  They  inchide  the  corrections  for  selective 
reflection  at  the  prism  faces,  fluorite  window,  mirrors,  etc.,  as 
given  in  Tables  6  and  7. 

In  practice  the  spectral  energy  curves  were  observed  at  every 
2^  on  the  spectrometer  circle  which  corresponds  (by  the  Wads- 
worth  minimum  deviation  system)  to  4^  the  width  of  the  bolome- 
ter strip.  Prom  these  observations  the  second  term  factor 
(—♦/(«))  which  is  necessary  for  reducing  to  a  **pure  spectrum" 
could  be  determined  directly,  the  complete  formula  ■"  for  reduc- 
tion to  a  pure  spectrum  being: 


D',^D^-i  (^^^^-D^)+.... 


In  this  eqtiation  D^y  is  the  observed  galvanometer  deflection  at 
any  spectrometer  setting,  o' ;  D^^  is  the  observed  deflection  at  a 
point  —2'  preceding  this  setting;  and  D^^  is  the  deflection  at  a 
setting  4-2'  in  advance;  and  i?V  is  the  true  reading  for  a  "ptupe 
spectrmn."  In  order  to  reduce  these  values  to  the  normal  spec- 
trum, Dnt  the  values  of  D^  are  then  divided  by  the  "slit  width" 
(s.  w.)  correction  factors  given  in  Table  8  using  column  6  when 
five  mirrors  were  employed  in  the  spectrometer  system.  These 
values  of  Dn  (reduced  to  the  normal  spectrum)  were  thien  plotted 
upon  accurately  made  cross-section  paper  (i  cm—ca/bi)  and  a 
smooth  curve,  from  which  were  read  certain  wave  leng^  (as  will 
be  explained  presently)  for  computing  the  position,  X^,  of  the 
tnaYttniitn  emission,  £«,  of  the  curve.  Prom  this  it  will  be  seen 
that  the  determinations  of  the  radiation  constants  involve  graph- 
ical as  well  as  mathematical  computations. 

•*  Sanfe:  Zs.  fOr  Math.  u.  Fhys.,  41,  p.  aos;  1897.    Paadien:  Ana.  der  Phys.  (3)  fO,  p.  714;  z897> 
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TABLE  a— Continued 
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From  the  factors  given  in  Table  8  it  may  be  noticed  that  the 
reduced  values  of  the  observations,  in  the  short  wave  lengths, 
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are  suppressed  and  that  the  values  in  the  long  wave  lengths  are 
greatly  magnified  in  comparison  with  the  original  observations. 
This  decreases  the  accuracy  of  the  value  of  \m  when  computed 
from  values  of  X|  and  \  situated  far  apart .  Fortunately  this  is  the 
region  of  the  spectrum  where  errors  in  X,  have  but  little  effect 
upon  the  computation  of  \m.  For  values  of  Xi  and  X,  near  together 
the  corrections  for  selective  reflection,  "slit  width,"  etc.,  are 
closely  of  the  jsame  value,  so  that  the  errors  introduced  are'  much 
reduced.  Unfortunately  the  presence  of  atmospheric  absorption 
bands  prevented  extensive  computations  at  the  top  of  the  energy 
curve,  where  \  and  X,  are  close  together  and  where  the  various 
factors  are  of.  the  same  magnitude  on  both  sides  of  the  energy 
curve.  After 'eliminating  atmospheric  absorption,  the  method  of 
obtaining  the  constant,  C,  by  taking  the  values  of  X|  and  X,  close 
together  on  to  isothermal  energy  curve  should  not  be  much 
inferior  to  the  method  of  isochromatics,  owing  to  the  smaU  differ- 
ence in  the  correction  factors  on  the  two  sides  of  the  maximum. 

12.  Computation  of  Xmo*. — The  computation  of  the  location 
of  the  maximum  emission  is  made  from  two  wave  lengths,  X|  and  X,, 
which  have  the  same  emissivity,  Ej^^^Ej^  on  the  spectral  energy 
curve,  using  the  formula  equation  (6)  given  on  a  preceding  page. 
No  computations  were  made  in  regions  of  the  spectrum  where 
X|  or  X,  coincided  with  atmospheric  absorption  bands.  In  some 
respects  this  is  a  wasteful  procedure,  since  the  region  of  2.5  to  3.2  ^, 
4.1  to  4.3  fA,  and  5.8  to  6.2  fA  can  not  be  utilized.  However,  for 
the  series  of  191 1 ,  which  was  determined  when  the  humidity  was 
exceptionally  low,  the  water  vapor  has  but  little  effect  in  the 
region  of  2.9  to  3.0  fi.  In  addition  to  the  absorption  bands,  the 
energy  curves  may  be  defective  in  other  regions  of  the  spectrum. 
However,  there  usually  was  no  dij£culty  in  obtaining  from  8  to 
10  values  of  \  (and  XJ,  which  were  widely  separated  on  the 
energy  curve.  As  already  mentioned,  the  computation  is  partly 
graphical  and  for  this  purpose  the  energy  curve  was  plotted  upon 
an  accurately  ruled  plate  having  an  area  of  40  by  50  cm,  ruled  in 
millimeters. 

The  computation  of  X^  from  values  of  \  falling  in  the  region  of 
5.9  to  6.1  /i,  always  gave  low  values,  which  was  assumed  to  be 
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due  to  atmospheric  absorption  bands  of  water.^  The  computa- 
tion of  Xm  for  X,  falling  in  the  region  of  6.0  fi  was  therefore  not  used 
in  making  up  the  mean  value  of  \m. 

Attention  has  already  been  called  to  the  fact  that  when  using 
the  first  term  of  equation  (6)  for  computing  X»  the  values  show  a 
uniform  variation.  This  is  well  illustrated  in  Fig.  7,  A,  which  is 
obtained  from  a  theoretical  (Planck)  curve.    Pig.  7,  B  are  typical 
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experimental  curves.  The  line  slanting  to  the  horizontal  axis 
shows  the  computation  when  using  the  first  term  of  equation  (6) , 
which  is  the  same  as  equation  (i),  with  the  additional  factor  aja^ 
This  shows  that  the  Wien  equation  is  not  applicable.  The  hori- 
zontal line  through  the  mean  value»  resulting  from  computing  \m 
by  using  all  of  equation  (6)  aids  in  illustrating  the  departure  of 
the  individual  values  from  the  mean  value  of  Xm.    The  abscissas 
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are  the  location  of  the  values  of  X,.  Of  course,  instead  of  X,  the 
corresponding  values  of  \  might  have  been  plotted.  It  may  be 
noticed  that  the  wide  departures  from  the  mean  usually  occurs 
when  X,  falls  in  a  region  of  atmospheric  absorption  at  3  fi.  Energy 
curve  No.  LXXV  is  of  interest  because  it  gives  uniform  values  of 
Xm,  but  a  high  value  of  A,  which  seems  to  indicate  an  error  in  the 
temperature. 

The  curve  of  \m,  Fig.  7,  C,  was  obtained  with  the  large  fluorite 
prism,  as  already  described.  It  fits  neither  the  Planck  nor  the 
Wien  curve,  owing  to  an  elevation  at  3.5  to  4.5  ^  in  the  energy 
curve.  As  will  be  noticed  presently,  75  to  80  per  cent  of  the 
observed  energy  curves  fit  the  Planck  curve,  as  interpreted  from 
the  closeness  with  which  the  individual  computations  fall  to  the 
horizontal  line  representing  the  mean  value;  the  tolerance  being 
±0.015  fA  for  curves  having  the  maximum  emission  in  the  region 
up  to  2.5  /A  and  ±  0.02  ^  for  X„  l3^g  in  the  region  of  3  fi. 

13.  Accuracy  Attainable. — It  is  a  difficult  matter  to  give  an 
estimate  of  the  accuracy  attainable  in  the  final  results  owing  to 
the  many  variable  factors  connected  with  the  problem.  The  tem- 
perattu'e  measurements  are  no  doubt  acctu^te  to  i  part  in  1500, 
which  is  entirely  beyond  the  range  of  accturacy  attainable  in  radia- 
tion meastu'ements  at  the  present  day. 

In  radiation  measurements  at  any  one  spectrometer  setting,  an 
accuracy  of  i  part  in  200  to  400  could  easily  be  attained.  But 
using  different  radiators  operated  at  the  same  temperature  (to  i  ^) , 
as  was  usually  done,  or  operating  the  same  radiator  at  the  same 
temperature  on  different  days  did  not,  as  a  usual  thing,  produce 
energy  curves  which  were  in  agreement  to  better  than  i  per  cent 
throughout  the  whole  spectrum.  This  is,  of  coturse,  owing  to 
changes  in  sensitivity  of  the  radiometer,  to  variation  in  humidity, 
etc.     It  is  a  severe  test  that  has  heretofore  never  been  undertaken. 

The  computation  of  the  constants  involves  some  uncertainties, 
but  owing  to  the  large-sized  and  accturately  ruled  cross-section 
paper  used  this  is  of  minor  importance.  The  scale  to  which  the 
energy  curves  were  plotted  was  i  mm  »o.o2/a,  and  it  was  an  easy 
matter  to  read  the  values  of  X^  and  X,  to  0.005  M-  Frequently  when 
the  curves  were  poor  the  values  were  read  to  o.oi  fi.  It  was  the 
common  experience  to  find  that  for  values  of  \  and  X,,  ranging 
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over  the  whole  curve,  the  individual  values  of  X«  differed  by  0.005 
to  o.oi  A*  which  is  of  the  order  of  i'  part  in  300  to  200  since  the  X^ 
falls  between  2  and  3  fi.  This  is  owing  to  the  fact  that  small  varia- 
tions in  the  value  of  \  (which  fall  in  the  region  of  the  spectrum 
where  the  energy  is  weak  and  difficult  to  observe)  have  but  little 
effect  in  equation  (6) .  It  is  for  this  reason  that  the  present  method 
seems  superior  to  the  determination  of  isochromatic  energy  curves, 
in  spite  of  the  fact  that  by  the  latter  method  the  absorption  in  the 
apparatus  is  eliminated.  By  taking  \  and  X,  over  a  wide  range  of 
the  spectnun,  the  errors  in  calibration  (in  refraction  and  in  the 
slit-width  correction),  in  changes  in  sensitivity,  etc.,  are  reduced 
to  a  negligible  value.  This  is  owing  to  the  fact  that  when  £|  and 
£,  (for  Xj  and  X,)  are  close  together  they  fall  in  the  doubtful  region 
at  1.6  to  2  /lA  (for  the  temperatures  investigated),  where  the  slit- 
width  reduction  factors  are  known  with  the  least  accuracy;  but 
they  are  of  nearly  the  same  value  for  JE^  =£,•  When  \  and  X,  are 
far  apart,  quire  a  large  error  (owing  to  the  uncertainty  in  the  cor- 
rection for  reflecting  power  at  Xj)  must  occur  before  it  becomes 
noticeable  in  computing  X^. 

There  appears  to  be  no  systematic  variation  in  the  different  values 
of  the  constant,  C,  with  temperature  (which  might  result  from 
errors  in  the  temperature  scale  and  in  the  computation  of  X^) ,  from 
which  it  appears  that  the  Planck  formula  is  sufficiently  accurate 
for  the  temperature  from  50b®  to  1 500®.  The  best  observational 
work  could  be  done  in  the  range  of  800®  to  1400*^,  the  lower  tem- 
perature being  such  as  to  give  a  sharp  energy  curve  and  the  higher 
temperatture  being  still  within  the  range  of  knowledge  of  the  tem- 
perature scale. 

The  effect  of  ''field  light "  scattered  over  thespectrumowingto  the 
imperfections  in  the  prism,  was  tested  in  various  ways,  the  asstunp- 
tion  being  made  that  this  scattered  light  was  tmiformly  distributed, 
which  of  course  could  hardly  be  true  for  diffuse  reflection.  One 
test  for  diffuse  light  was  to  set  the  bolometer  at  0.32  /i,  where  the 
reflecting  power  of  silver  is  practically  zero,  and  measure  the  spec- 
tral radiation  of  a  highly  incandescent  body,  e.  g.,  a  Nemst  glower. 
For  the  perfectly  clear  fluorite  prism  used  in  this  work  no  radiation 
could  be  detected.  Another  test  was  to  set  the  bolometer  in  the 
yellow  part  of  the  spectrum,  at  a  point  where  a  sample  of  Schott's 
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monochromatic  red  glass  becomes  opaque,  the  source  of  radiation 
bein^  a  Nemst  glower.  The  test  was  made  on  a  very  windy  day, 
when  a  high  precision  was  not  possible,  but  for  measurement  to  i 
part  in  300  no  scattered  radiations  could  be  detected.  That  the 
amount  of  diffuse  light  is  extremely  small  in  this  prism  (No.  i)  is 
shown  indirectly  from  the  data  on  the  transmission  of  water  and 
of  cupric  chloride  solutions  (this  Bulletin,  7,  p.  619,  and  9,  p.  no), 
which  are  entirely  opaque  in  the  region  of  1.2  to  2  /bi,  where  one 
would  expect  stray  radiation. 

These  tests  were  not  made  on  the  large  fluorite  prism,  described 
elsewhere,  except  at  0.32  fi,  where  the  amount  of  diffuse  light  was 
barely  measurable.  Nevertheless,  to  the  eye  there  appeared  to  be 
considerable  diffuse  red  light  extending  far  into  the  infra-red. 
Furthermore  the  spectral  energy  curves  obtained  with  this  prism 
are  distorted  by  an  excess  of  radiation  in  the  region  of  3.5  to  4  fi, 
which  appears  to  be  caused  by  diffuse  radiations  superposed  upon 
the  spectrum.  It  will  be  shown  presently  that  but  very  few  (25 
per  cent)  of  the  spectral  energy  curves  obtained  with  this  prism 
fit  the  Planck  equation,  and  the  constant,  C,  is  much  higher  than 
obtains  with  any  of  the  determinations  with  the  perfectly  dear 
prism.  Perhaps  this  will  explain  a  similar  condition  in  the  curves 
obtained  by  Paschen  Goc.  dt.)  and  his  higher  values  of  the  radia- 
tion constants. 

The  accinracy  attained  in  the  final  result,  estimated  from  the 
probable  error,  is  of  the  order  of  0.2  per  cent,  i.  e.,  the  S3rstematic 
errors  are  such  that  the  mean  values  of  the  various  sets  of  obser- 
vations differ  by  i  to  2  parts  in  1000.  This  means  an  uncertainty 
of  ±  15  to  ±30  in  the  value  of  the  constant  C  =»  14  450. 

V.  EXPBRIlfBllTAL  DATA;  SBRIBS  OF  190Q 

This  series  of  observations  consists  of  34  spectral  eneigy  curves 
obtained  with  an  unpainted  porcelain  radiator.  Pig.  2,  which,  as 
in  the  experiments  of  Lummer  and  Pringsheim,  was  placed  directly 
before  the  spectrometer  slit.  The  water-cooled  shutter  and  per- 
forated water-cooled  diaphragm  shown  in  Pig.  3  were  used.  The 
inner  heating  coil  burned  out  while  observing  energy  curve  No- 
XIX  and  the  radiator  was  rewound.  Por  the  entire  research 
after  No.  XXV  a  small  knife-edge  support  was  placed  under  the 
inner  radiator,  as  explained  elsewhere,  to  prevent  it  from  sagging. 
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The  whole  series  therefore  contains  three  distinct  sets  of  observa- 
tions. However,  owing  to  the  fact  that  the  radiator  was  bent  from 
excessive  heating  and  owing  to  the  uncertainty  as  to  the  entire 
elimination  of  radiation  from  the  side  walls  and  the  diaphragms, 
this  series  is  given  no  weight  in  considering  the  final  results. 

The  spectroradiometric  apparatus  consisted  of  an  air  bolometer 
(No.  7,  resistance  of  each  arm  4.1  ohms)  and  a  small  perfectly 
clear  fluorite  prism  (No.  i ,  described  elsewhere) .  The  bolometer 
was  placed  at  the  focus  of  a  hemispherical  mirror  5  cm  in  diameter. 
The  observations  were  made  under  very  great  difficulties  owing  to 
unsteadiness  caused  by  air  currents.  This  made  observing  almost 
impossible  beyond  4^  in  the  infra-red,  where  the  deflections 
were  small. 

As  in  each  succeeding  series,  the  thermocouples,  potentiometer, 
and  standard  cell  were  standardized  before  and  after  the  series  of 
observations.  The  mirrors  were  resilvered  at  the  beginning  of 
each  series  of  observations,  so  that,  in  discussing  the  various 
series  of  observations  made  in  subsequent  years,  no  mention  will 
be  made  of  these  facts. 

In  the  "series  of  1909"  observations  the  radiations  from  the 
furnace  covered  only  about  one-half  of  the  bolometer  strip.  In  a 
subsequent  work  an  image  of  the  radiating  wall  was  projected 
upon  and  entirely  covering  the  spectrometer  slit.  In  this  manner 
only  radiations  from  the  central  diaphragm  could  pass  into  the 
spectrometer  slit  and  from  thence  pass  to  the  bolometer  strip 
which  was  entirely  covered  by  the  incident  radiations. 

The  computations  of  X^  by  equation  (6)  give  high  values,  whicn, 
for  one  particular  energy  curve,  the  preliminary  data  of  which 
was  published  some  time  ago,^  gave  unusually  uniform  values 
of  Xm,  for  values  \  and  X,  taken  over  the  whole  curve.  This  was 
one  of  the  few  curves  completely  worked  out  by  the  long  method 
of  equation  (6) .  All  the  curves  had  of  course  been  worked  out  by 
equation  (i)  and,  as  the  title  of  the  paper  ^  indicated,  it  was  found 
that  the  computations  made  by  equation  (i)  (the  Wien  equation) 
failed  to  give  a  uniform  value  of  \m  computed  by  taking  values  of 
Xi  and  X,  over  the  whole  spectrum.  In  the  most  recent  computa- 
tions, using  a  different  dispersion  (calibration)  curve,  and  includ- 

**  Jahrbach  lUdioaktivitftt  u.  Blektronik.  7«  p.  i,  1911,  "A  cfaarKterisUc  of  spectral  energy  curves." 
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ing  the  various  correction  factors  mentioned  on  a  preceding  page,, 
it  is  found  that  neither  the  Wien  nor  the  Planck  system  of  com- 
putation (equations  (i)  and  (6))  gives  uniform  values  of  \m.  The 
spectral  energy  curves  appear  to  bulge  upward  at  3.5  to  4.5ft. 
Just  how  much  of  this  is  owing  to  stray  Ught  is  difficult  to  say. 
As  explained  elsewhere  the  whole  series  is  inconsistent  with  what 
has  been  observed  since  then  tmder  more  favorable  conditions,  so 
that,  in  the  final  summary  of  the  work,  the  numerical  results  are 
omitted.  However,  in  view  of  the  discordant  results  obtained  by 
other  experimenters,  these  data  are  of  interest  in  showing  what 
great  variations  may  be  obtained  in  the  numerical  results  when 
using  the  same  prism  under  various  conditions.  The  results 
obtained  in  subsequent  years  are  in  excellent  agreement.  This 
is  especially  true  if  the  ''series  of  1911  and  1912,"  in  which  the 
various  sources  of  error  appear  to  have  been  eliminated  as  thor- 
oughly as  seems  possible  with  the  present  type  of  apparatus.  The 
numerical  restilts  of  the  ''series  of  1909''  are  given  in  Table  9. 
The  data  are  arranged  according  to  the  increase  in  temperature 
at  which  the  observations  were  made.  The  first  column  gives  the 
serial  number  of  the  experiment.  The  second  column  gives  the 
fQrmoftheenergycurve,"P  =  Planck,""W«Wien.'*  The"WP" 
means  that  the  curve  lies  between  the  Planck  and  the  Wien  equa- 
tion and  is  closer  to  the  latter.  As  explained  elsewhere,  the 
criterion  for  judging  the  form  of  the  energy  curve  is  the  uniformity 
of  the  values  of  Xm  for  different  values  of  \  and  X,  as  computed 
by  equation  (6)  before  and  after  the  application  of  the  second 
term  correction  factor.  If  the  first  term  of  equation  (6)  gives 
uniform  values,  without  deducting  the  second  term;  then  the 
curve  evidently  is  of  the  Wien  equation  tjrpe.  If  after  deducting 
the  second  term  the  values  of  Xm  are  uniform,  then  the  form  of  the 
curve  is  of  the  Planck  equation  type;  but  if,  after  deducting  the 
second  term,  the  values  of  Xm  pass  through  a  maximum  value  (i.  e., 
the  second  terms  overcorrects  the  results),  see  Fig.  7,  C,  then  it 
is  assumed  that  the  form  of  the  experimental  energy  curve  lies 
between  the  Planck  and  the  Wien  equations.  In  the  column  of 
Xm  the  probable  error  of  the  result  refers  to  the  departtu'e  from  the 
mean  value  obtained  from  the  number  of  computations  (sixth 
column)  made  on  any  given  energy  curve. 
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TABLE  9 


Series  1909— Bolometer  No.  7,  Black  Body  at  Slit,  Water-Cooled 

Shutter  No.  1 

[Energy  Coma,  I-XXXV] 
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In  this  and  in  the  subsequent  tables  the  values  of  X^  are  tabu- 
lated to  the  nearest  even  whole  number.  Similarly,  the  values  of 
the  temperatures  were  read  to  even  whole  numbers  from  the  thermo- 
couple calibration  curves;  for  it  seemed  futile  to  read  temperatures 
to  fractions  of  a  d^;ree  and  include  the  correction  for  reduction 
to  the  absolute  scale  when  the  temperattupe  scale  can  not  be  guar- 
anteed to  better  than  i^. 

VL  EXPERHIBIITAL  DATA;  SBRIBS  OF  1910 

In  the  first  set  of  measurements  (XXXVI  to  XL,  inclusive)  an 
air  bolometer  (No.  9,  resistance  of  each  strip  6.45  ohms)  was  used. 
It  was  covered  with  a  glass  crystallizing  dish  with  a  fluorite  win- 
dow for  admitting  the  radiation  upon  the  bolometer  strip.  The 
bolometer  platinum,  being  much  thinner  than  in  the  preceding 
series,  was  very  seriously  affected  by  air  currents,  which  made  it 
impossible  to  accurately  read  the  galvanometer  deflections. 

The  second  set  (XLI  to  LIV)  of  energy  curves  was  obtained 
with  a  vacuum  bolometer  (No.  10,  resistance  of  each  strip  5.6 
ohms)  at  the  focus  of  a  hemispherical  mirror.  The  radiating 
diaphragm  of  a  new  straight  porcelain  tube  was  focused  upon 
the  spectrometer  slit,  as  shown  in  Pig.  i .  The  water-cooled  shutter, 
No.  I,  Fig.  3,  was  placed  at  5  in  Fig.  i. 

Owing  to  the  extreme  unsteadiness  of  the  bolometer,  the  first 
set  of  measurements  can  be  given  but  little,  if  any,  weight  in  com- 
parison with  the  rest  of  the  observations.  There  is  also  some 
uncertainty  in  regard  to  the  temperature  scale,  which  seems  to  be 
higher  than  for  the  two  subsequent  years.  The  sensitivity  of  the 
bolometer  had  a  tendency  to  increase  during  a  series  of  observations. 
This,  of  course,  could  be  adjusted  in  plotting  the  curves  for  com- 
putation; but  it  is  never  as  satisfactory  as  to  have  the  observa- 
tions entirely  free  from  changes  in  sensitivity.  Hence,  in  making 
up  the  summary  of  the  most  reliable  data  obtained  up  to  this 
time,  this  series  is  given  no  weight  in  comparison  with  the  data 
obtained  in  191 2,  which,  in  spite  of  the  small  systematic  errors 
for  the  different  sets  of  observations,  are  considered  the  most 
reliable.  The  various  data  are  given  in  Table  10,  the  explanation 
of  the  various  columns  being  the  same  as  for  Table  9  of  ''  series 
of  1909." 
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TABLE  10 
Series  1910,  I. — Bolometer  in  Air,  no  Hemispherical  Mirror 

[Energr  OumM,  XXXVI-XL] 
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Series  1910,  n. — Vacuum  Bolometer,  Hemispherical  Minor 

[Energy  Carrei,  XLI-LIV] 
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*  Poor  curves* 


yn.  BXFBRIMBNTAL  DATA;  8BRIBS  OF  1911 

This  series  (LV  to  LXXXIV)  of  spectral  energy  curves  was 
obtained  on  an  unpainted  radiator  of  Marquardt  porcelain,  which 
has  a  higher  melting  point  and  is  a  better  electrical  insulator  than 
ordinary  porcelain. 
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The  water-cooled  shutter,  No.  2,  Fig.  3,  with  an  opening  4.5 
tntn  in  diameter,  was  attached  to  the  radiator  and  the  whole 
optical  system  rendered  more  air  tight,  which  rendered  a  greater 
reduction  in  humidity. 

The  potentiometer  installation  was  renovated  and  tested  for  insu- 
lation. A  new  fluorite  window  was  placed  over  the  bolometer,  and 
a  new  resistance  was  placed  in  the  battery  circuit  for  keeping  a 
constant  bolometer  current.  The  bolometer  was  blackened  a  little 
more  with  soot  from  a  sperm  candle.  Thin  vanes  of  bolometer 
platinum  were  attached  to  the  galvanometer,  which  completely 
damped  the  deflection  on  a  2.5  seconds  single  swing.  Previously 
the  ballistic  throw  of  the  galvanometer  was  observed.  Improve- 
ments were  also  made  in  the  method  of  viewing  the  spectrometer 
circle. 

A  set  of  seven  isochromatics  (LXXXV,  i  to  7)  was  obtained, 
which  fiunished  material  for  computing  the  constants  from  spec- 
tral-energy curves  by  means  of  equation  (6) .  However,  owing  to 
the  fewness  of  the  observations  which  makes  it  difficult  to  draw 
an  accurate  energy  curve,  this  set  (LXXXV,  i  to  7)  is  to  be  given 
no  weight.  The  isochromatics  appeared  unsatisfactory,  owing 
probably  to  a  lack  of  sufficient  time  for  the  radiator  to  attain  a 
uniform  temperatture,  and  the  observations  were  never  computed. 

The  average  humidity  during  the  time  when  this  series  of  obser- 
vations was  obtained  was  lower  than  for  the  series  of  1912,  and 
for  this  reason  it  was  possible  to  make  computations  of  X^  with 
values  of  \  falling  at  s.o/i  and  3.2/bi,  which  was  not  possible  when 
the  humidity  was  much  higher. 

A  ntunber  of  the  curves  in  this  series  have  the  property  of  being 
slightly  higher  than  required  by  the  Planck  equation  (for  the 
region  beyond  4.8^)1  so  that  the  second  term  factor  in  equation 
(6)  does  not  reduce  the  values  of  Xm  to  a  uniform  value  which  is 
independent  of  the  location  of  \.  The  mean  value  of  \m  is  there- 
fore slightly  higher  than  usually  obtained.  This  makes  but  little 
difference  in  the  final  results;  but  it  is  of  interest  to  record  the 
fact,  which  goes  to  show  how  variable  are  the  results  obtained 
with  the  same  apparatus  and  fluorite  prism,  in  spite  of  all  the 
precautions  taken  to  eliminate  all  possible  errors.  The  writer  is 
therefore  inclined  to  believe  that  some  of  the  discrepancies  observed 
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TABLE  11 
Series  1911— Water  Cooled  Shatter  No.  2^  Attached  to  Black  Body 

[£a«iS7  CttXTw,  LV-LXXXIV] 
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by  other  experimenters  when  mod^ying  their  apparatus  may  be 
due  to  these  systematic  errors  and  not  due  entirely  to  the  different 
prisms  used. 

The  data  for  the  ''series  of  191 1 "  are  given  in  Table  11,  the 
arrangement  of  this  table  being  the  same  as  for  the ''  series  of  1909  " 
given  on  a  preceding  page.  The  results  of  this  series  are  in  excel- 
lent agreement  with  the  subsequent  data  (series  of  191 2),  which 
was  obtained  with  entirely  new  adjustments.  Considerable  con- 
fidence is  therefore  placed  in  these  two  series  of  observations. 
The  mean  value  of  all  the  energy  curves  gives  C»  14  495.  If  we 
exclude  the  four  energy  curves  indicated  (?)  in  Table  1 1 ,  f or  which 
the  values  of  C  are  extraordinarily  high,  the  mean  value  is  but 
slightly  reduced,  being  C—  14  469.  The  writer  feels  justified  in 
omitting  these  four  high  values  because  in  at  least  two  cases 
(LXXV  and  LXXXII)  the  bolometer  was  freshly  exhausted  and 
the  residual  gases  were  changing  from  hydrogen  (and  nitrogen)  to 
the  characteristic  carbon  dioxide  spectrum.  The  radiation  sensi- 
tivity, therefore,  probably  changed  more  than  indicated  by  direct 
experiment.  For,  as  already  explained,  the  radiation  sensitivity 
of  the  bolometer  tended  to  decrease  and  the  galvanometer  sensi- 
tivity tended  to  increase,  so  that  after  such  a  prolonged  series  of 
observations  these  variations  may  have  escaped  notice. 

Vm.  EXPBRIMElfTAL  DATA;  SBRIBS  OF  1912 

I.  White  Radiating  Walls;  Prism  No.  1. — ^After  readjusting  the 
apparatus  throughout,  a  series  of  observations  (LXXXVI  to  XCII) 
was  made  upon  the  unblackened  Marquardt  tube  used  the  pre- 
ceding year,  to  obtain  a  check  upon  the  previous  work  and  also 
upon  the  work  that  was  to  follow.  The  fluorite  prism.  No.  i ,  was 
reset,  and  minor  changes  were  made  in  the  entire  apparatus.  Un- 
less otherwise  stated,  the  water-cooled  shutter  No.  2  was  used 
throughout  this  series  The  data  are  given  in  Table  12,  the  mean 
value  being  C— 14  463. 
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TABLE  12 

Series  1912,  I— White  RacUatinfi;  WaUs,  Flnorite  Prism  No.  1,  Water* 
Cooled  Shutter  No.  2 
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2.  Black  Radiating  Walls.— For  this  set  of  observations  (XCIH 
to  CVI)  the  inner  porcelain  tube  was  painted  with  a  thick  coat 
of  chromium  oxide.  Owing  to  the  smallness  of  the  opening,  the 
inner  tube,  A,  Fig.  4,  had  to  be  removed  and  the  painting  done 
in  strong  sunlight.  The  pigment  was  mixed  with  water  and 
applied  with  a  fine-haired  brush.  The  front  thermocouple  rested 
in  contact  with  the  chromium  oxide.  At  the  end  of  the  series  no 
effect  of  the  oxide  upon  the  thermocouple  could  be  observed.  The 
humidity  was  lower  than  usual  for  this  series.  The  water-cooled 
shutter  No.  2  was  used.  The  temperature  of  the  water,  just  after 
leaving  the  perforated  diaphragm,  was  9.4°  when  the  radiator 
was  at  a  temperature  of  1 100^.  Since  the  thin  metal  door,  which 
permitted  the  passage  of  radiations  from  the  fiuuace  to  the  spec- 
trometer, was  directly  in  ccmtact  with  the  water-cooled  diaphragm, 
it  was  assumed  that  (as  on  previous  tests)  the  temperature  of  the 
door  was  not  much  above  iJiat  of  the  flowing  water.  This  ques- 
tion is  discussed  elsewhere.  The  data  of  this  series  are  given  in 
Table  13,  the  mean  value  being  C— 14  432. 
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TABLE  13 

1912,  n— Black  (CrA)  Raciiating  Walls,  Fltiorite  Friam  No.  1, 

Water-Cooled  Shutter  No.  2 

[Ener27  Cnrres,  XCIII'-CVI] 
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3.  Hew  Radiator;  White  Walls,— This  set  of  energy  curves  (CVII 
to  CXIII)  was  obtained  with  a  new  unpainted  Marquardt  por- 
celain tube.  The  platinum  ribbon  was  20  mm  wide  at  the  center 
and  decreased  uniformly  to  1 1  mm  in  width  at  the  ends,  which  is 
somewhat  narrower  than  for  the  preceding  radiator.  The  end 
diaphragm  was  broken  away,  as  shown  in  Fig.  4,  £,  so  as  to  permit 
of  painting  the  inner  walls  without  removing  the  tube.  The  end 
was,  of  course,  closed  with  a  similar  porcelam  diaphragm  when 
ready  for  observations.  The  thermocouple  was  entirely  inclosed 
in  a  small  unpainted  porcelain  tube,  as  shown  in  Pig.  4,  B.  The 
axial  adjustment  of  the  radiator  was  made  anew;  and  the  optical 
path  was  traced  and  adjusted  throughout  the  whole  apparatus 
by  the  light  coming  from  the  radiator  heated  to  1300®.  The 
water-cooled  shutter  No.  2  and  fluorite  prism  No.  i  were  used. 
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The  data  of  this  series  are  given  in  Table  14,  the  mean  value  being 

C«  14  466. 

TABLE  14 

1912,  III— New  Radiator,  White  Walls,  Htiorite  Prism  No.  1.  Watcr- 

Cooled  Shutter  No.  2 

[Energy  Cnrrei,  CVII-CXIII] 
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4.  New  Radiator;  Black  Walls. — ^Por  this  set  of  energy  curves 
(CXIV  to  CXXIII)  all  the  adjustments  and  accessory  apparatus 
were  the  same  as  for  the  preceding  series.  The  inner  walls,  the  front 
^de  of  the  radiating  diaphragm,  and  the  short  tube  covering  the 
thermocouple  were  painted  with  a  layer  of  chromium  oxide. 
On  this  layer  was  painted  a  thick  coat  of  cobalt  oxide.  It  was 
found  that  the  inclosed  thermocouple  responds  almost  as  quickly 
to  temperature  changes  as  obtained  in  the  bare  thermocouple. 
At  the  completion  of  the  set  it  was  found  that  some  of  the  oxide 
had  become  detached  from  the  short  porcelain  tube  covering  the 
thermocouple,  which  left  this  tube  a  bluish  white.  In  spite  of 
this  fact,  however,  the  percentage  of  curves  fitting  the  Planck 
equation  is  noticeably  larger  for  the  blackened  than  for  the  un- 
blackened  tubes. 

The  data  of  this  series  are  given  in  Table  15,  the  mean  value 
being  C— 14  459,  or  if  we  exclude  the  last  value,  which  is  extra- 
ordinarily high  (a  poor  curve),  the  mean  value  is  practically 
unchanged,  being  C— 14  446. 
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TABLE  15 

Series  1912,  IV— New  Radiator.  BUck  (Cr,0,  +  2Co,0^  Walls,  Fluorite 
Prism  No.  1,  Water-Cooled  Shutter  No.  2 

[EuTsr  Cnnci,  CXTV-CXXin] 
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5.  Blactened  Radiator;  Hew  Adjustments. — In  this  series 
(CXXIV  to  CXL)  the  short  porcelain  tube  inclosing  the  theimo- 
couple  was  covered  with  iron  oxide  (from  writing  ink,  which  was 
then  burned  into  the  tube  by  means  of  a  blast  lamp)  over  which 
was  painted  a  layer  of  chromium  oxide.  To  do  this,  the  water- 
cooled  shutter  had  to  be  removed.  This  series  therefore  di£Fers 
from  the  preceding  only  in  that  the  radiator  was  repainted  with 
a  mixture  of  c^iromium  and  cobalt  oxides  and  the  complete  optical 
system  was  readjusted.  At  the  highest  temperatures  (1300"  to 
1500*,  series  CXXXVIII  to  CXL)  the  radiator  was  heated  by 
electric  current  from  a  motor-generator  operated  on  a  storage 
battery.  For  temperatures  up  to  1250°  there  was  little  or  no  con- 
duction of  current  from  the  heating  coils  to  the  thermocouples. 

The  data  of  this  series  are  given  in  Table  16,  the  mean  value 
being  C-  14  501.  If  we  exclude  the  three  (indicated  in  Table  16) 
which  have  either  a  high  probable  error  for  the  X.,  which  are 
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poor  curves  or  were  obtained  at  such  high  temperatures  that  the 
use  of  a  fluorite  prism  is  questioned,  the  value  is  C  » 14  476. 

TABLE  16 


1912,  V — ^Blackened  Radiator,  New  Adjustments,  Fluorite  Prism 
No.  1,  Water-Cooled  Shutter  No.  2 

[Ener27  Carres,  CXXIV-CXL] 
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**  Altemating  cnrrent  used  for  himocc  heating  coils. 


6.  Blackened  Radiator;  Prism  No.  2. — In  this  set  of  observations 
(CXLI  to  CXLVII)  all  the  adjustments  were  the  same  as  in  the 
preceding  series.  The  small  fluorite  prism  was  replaced  by  a  large 
one,  No.  2,  described  elsewhere.  This  was  for  the  purpose  of  test- 
ing the  effect  of  the  prism,  all  other  adjustments  remaining  the 
same.  The  humidity  was  lower  than  for  the  preceding  series,  so 
that  the  distortion  of  the  energy  curves  in  the  region  of  3.5  to  4/i 
is  not  due  to  atmospheric  absorption  beyond  5/i,  but  is  no  doubt 
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owing  to  defects  in  the  structure  of  the  prism,  which  visually 
caused  much  more  stray  light  than  in  a  clear  prism.  The  spectral 
energy  cmves  obtained  with  this  prism  are  entirely  different  from 
those  obtained  with  a  clear  prism.  As  shown  in  Table  17,  only 
about  30  per  cent  of  the  energy  curves  fall  within  the  limits  set 
for  agreement  with  the  Planck  equation. 

TABLE  17 

Series  1912,  VI— Blackened  Radiator,  Fluorite  Prism  No.  2,  Water-Cooled 

Shatter  No.  2 

[Eiier27  Cnnres,  CXLI-CXLVU] 
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7.  Hew  Thermocouple;  Prism  Ho.  2. — ^The  object  of  this  series 
(CXLVIII  to  CLV)  was  to  test  the  effect  of  a  change  in  thermo- 
couples, the  large  fluorite  prism,  No.  2,  and  the  other  accessories 
remaining  unchanged.  The  thermocouple  was  entirely  new,  and 
unused  except  for  obtaining  its  calibration.  The  thermoelement 
at  the  rear  of  the  radiating  diaphragm  was  recalibrated.  The 
coating  of  cobalt  oxide,  which  was  on  the  short  porcelain  tube 
inclosing  the  thermoelement,  was  rendered  more  adhesive  by 
mixing  the  pigment  with  a  small  quantity  of  kaolin.  This  was 
burned  upon  the  tube  before  mounting  the  thermocouple  in  the 
radiator,  which  was  then  repainted  before  resetting  the  water- 
cooled  shutter. 
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As  in  the  preceding  series,  only  a  small  proportion  of  the  energy 

curves  fit  the  Planck  equation.    The  data  of  this  series  are  given 

in  Table  18. 

TABLE  18 

1912,  VII — Blackened  Radiator*  New  Thermocouple,  Fluorite  Prism 
No.  2,  Water-Cooled  Shutter  No.  2 

[Energy  Curves,  CXLVin-CLV] 
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8.  New  Thermocouple;  Prism  No.  L— This  set  (CLVI  to 
CLXVII)  of  energy  curves  was  obtained  with  the  small  fluorite 
prism,  No.  i,  to  test  the  effect  of  a  small  displacement,  58^  of  its 
center  of  rotation  upon  the  prism  table.  This  is  not  a  very 
important  factor,  but  it  seemed  worth  while  to  test  it.  The  rest 
of  the  apparatus,  including  the  thermocouple,  was  the  same  as  in 
the  preceding  experiment.  The  optical  path  was,  of  course, 
tested  as  usual  for  adjustment  upon  the  spectrometer  sUt,  upon 
the  prism  face,  and  upon  the  bolometer.  The  result  of  this  test 
show  that  within  the  usual  experimental  errors  of  observation 
and  variation  in  humidity  there  is  no  deviation  in  the  values  of 
the  constants  which  can  be  attributed  to  a  displacement  of  the 
axis  of  rotation  of  the  prism  mirror  system. 

This  dnd  the  following  series  of  observations  were  made  under 
more  unfavorable  conditions  than  usually  encountered.  Curve 
CLXII  was  poor  owing  to  unsteadiness  of  the  bolometer,  caused 
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by  a  low  vacuum;  and  the  last  day's  work  (CLXV  to  CLXVII) 
was  spoiled  by  tremors  which  at  times  made  it  iiopos^ble  to  read 
the  galvanometer.  While  observii^  a  spectral  energ;y  curve  the 
platinum  ribbon  on  the  inner  radiatin-  became  disrupted,  so  that 
curves  CLXVI  and  CLXVII  were  obtained  by  heating  the  inner 
tube,  Fig.  2,  by  radiation  from  the  outer  heater.  No  difference  is 
to  be  observed  in  its  effect  upon  numerical  results  as  compared 
with  curve  CLXV,  which  was  obtained  on  the  same  day.  There 
was,  of  course,  a  greater  lag  in  controlling  the  temperattue  when 
heating  the  iimer  tube  by  radiation  than  when  heating  it  by  means 
of  the  platinum  ribbon  with  which  it  was  surrounded. 

The  data  of  this  series  are  given  in  Table  19,  the  mean  value 
being  C  - 14  518,  or  if  we  exclude  the  last  three  in  the  series,  which 
evidently  can  not  be  given  equal  weight  with  the  rest,  the  mean 
value  is  C- 14  461. 

TABLE  19 

Series  1912,  VHI— Blackened   Rat^ator,  New  Thennocouple.   Fluorite 
Prism  No.  1,  Water-cooled  Shatter  No.  2 

[Eneisr  CiuTM,  CLVI-CLXVH] 


u-l.d« 

FtOirf 

AbMbt* 

' 

-L-T 

v*. 

llMBnhM 

Pnlwbta 

HnBbw 

t 

M6 

in 

1.U0 

- 

WIO 

noi 

ax 

ito.m 

14  401 

cm" 

HS 

3.I1U 

.003 

BOi 

14  441 

lOTJ 

.001 

mi 

CLTlf 

Vt 

im 

J.  WO 

.oot 

14  451 

dVI 

1277 

I.  IN 

.DOS 

»x 

14  407 

CLZIV' 

1100 

2.24> 

.004 

1923 

cLivn* 

WP 

UM 

IIX 

.«a 

zmr 

14  5m 

/tTm 

ISH 

Z.110 

.004 

»1T 

14  481 

CLZVIU 

WT 

1.1W 

.001 

19471 

14  wr 

CLzni 

P+ 

U52 

2.030 

.004 

10 

294U 

14  tm 

CLZV^b 

P+ 

U3> 

Lon 

.001 

s 

«sa 

14«717 

14  4U 
(14  SU) 

CnUMAd 


CanstatUs  of  Spectral  Radiation 


71 


9.  Water-Cooled  Shutter  No.  1;  Prism  No.  1. — In  this  set 
(CLXVIII  to  CLXXV)  the  water-cooled  shutter,  No.  i ,  and  the 
separate  water-cooled  diaphragm,  Pig.  3,  with  an  opening  6.7  mm. 
(placed  at  5,  Pig.  i)  was  used  with  the  object  of  testing  the  effect 
of  the  size  of  the  opening  in  the  water-cooled  diaphragm,  upon  the 
energy  curves.  It  was  not  possible  to  prevent,  so  effectively  as 
with  shutter  No.  2,  the  entrance  of  air  into  the  spectrometer 
boxes.    The  humidity  was  higher  than  in  any  of  the  preceding 

TABLE  20 

1912,  DC— Blackened  Radiator,  Fluorite  Prism  No.  1,  Water-cooled 

Shutter  No.  1 

[E&tfgjr  Correo,  CLXVm-CIXXVI] 
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sets  of  observations,  the  sensitivity  of  the  galvanometer  was  con- 
tinually changing  while  observing  several  of  the  energy  curves, 
and  occasional  tremors  caused  by  an  unbalanced  reciprocating 
engine  sometimes  prevented  an  accurate  reading  of  the  galva- 
nometer, so  that  this  series  should  perhaps  not  be  given  as  great 
as  some  of  the  preceding  sets  of  energy  curves  obtained  with  this 
same  fluorite  prism  No.  i.  This  series,  however,  was  observed 
under  more  favorable  conditions  than  obtained  during  the  latter 
part  of  the  preceding  series.    The  radiator  was  the  same  as  in  the 
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precedit^  sets  (Nos.  7  and  8),  the  break  in  the  platinum  ribbon 
having  been  repaired,  and  the  optical  system  having  been  read- 
justed before  the  observations  were  resumed.  A  geometrical 
diagram  of  the  optical  path  of  the  radiations  shows  that,  owing  to 
the  lai^e  opening  in  the  water-cooled  diaphragm,  it  is  possible  for 
radiations  from  the  walls  of  the  furnace  to  enter  the  spectrometv 
sBt.  However,  the  higher  humidity  and  other  difficulties  en- 
countered in  this  series  of  observations  were  probably  sufficient  to 
ifaask  any  errors  resulting  from  extraneous  radiations.  This  series 
of  energy  curves  gives  very  uniform  results,  just  as  though  the 
increased  humidity  within  the  spectrometer  box  had  not  been 
deleterious. 

The  data  of  this  series  are  given  in  Table  20,  the  mean  value 
being  C- 14436. 

EL  SUmiART 

The  present  paper  gives  data  relating  principally  to  the  deter- 
mination of  the  mathematical  ictrm  of  the  isothermal  spectral 
curve  of  a  black  body,  and  to  the  computation  of  the  numerical 
values  of  the  constants  relating  thereto,  for  the  temperattu^ 
range  between  450°  and  1525°  C. 

Tliis  paper  contains  also  data  on  various  subsidiary  problems 
such  as  (i)  the  variation  of  the  reflecting  power  of  silver  with 
at^le  of  incidence  and  with  wave  length,  (2)  the  variation  of 
reflecting  power  of  fiuorite  with  angle  of  incidence  and  with  wave 
ler^th  (refractive  index),  (3)  data  oa  the  most  reliable  refractive 
indices  of  fiuorite,  reduced  to  20°  C,  and  (4)  data  for  reducing  the 
observations  from  prismatic  to  normal  spectrum. 

The  spectrum  was  produced  by  means  of  a  mirror  spectrometer 
and  a  fluorite  prism.  A  vacuum  bolometer  was  used  for  measiu"- 
ing  the  partition  of  energy  in  the  spectrum.  The  radiator  was  a 
porcelain  tube,  wound  with  platinum  ribbon  through  which  elec- 
tric current  was  passed.  The  various  incidental  questions  such 
as  the  adjustments  of  the  optical  parts  of  the  apparatus,  the 
temperature  uniformity  and  control  of  radiator,  the  water-cooled 
shutters,  the  temperature  scale,  the  method  of  reduction  of  the 
observations  to  the  normal  spectrum,  the  proper  formulae  for 
computing  the  numerical  constants,  etc.,  are  also  discussed. 
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In  a  brief  summary  the  results  of  previous  investigations  made 
with  similar  apparatus  are  discussed.  It  is  shown  that  by  the 
elimination  of  certain  errors  in  the  calibration  of  the  prisms  used, 
the  older  observations  are  not  in  disagreement,  as  was  supposed 
from  the  published  results.  It  is  abo  shown  that,  if  these  older 
data  had  been  computed  by  the  methods  employed  in  the  present 
paper,  the  ntunerical  values  of  the  constants  wotild,  without 
doubt,  be  in  very  close  agreement  with  the  present  results.  These 
older  data  (properly  weighted)  are  therefore  used  in  connection 
with  the  present-day  results,  to  form  an  estimate  of  the  most 
probable  value  of  the  constants  of  spectral  radiation. 

The  results  obtained  in  the  present  investigation  are  based 
upon  experiments  with  different  bolometers,  water-cooled  shut- 
ters, fluorite  prisms,  thermocouples,  and  (blackened  and  un- 
blackened)  radiators.  It  is  felt  that  what  success  has  been 
attained  is  owing  to  blackening  the  radiator,  to  properly  insulat- 
ing the  thermocouples  within  the  radiator,  to  placing  a  knife-edge 
support  beneath  the  inner  radiator  to  prevent  it  from  sagging, 
and  to  projecting  an  image  of  the  radiating  diaphragm  upon  the 
spectrometer  slit.  It  is  shown  that  the  percentage  of  the  total 
number  of  energy  curves  which  fit  the  Planck  equation  is  increased 
by  blackening  the  radiator. 

About  7^  per  cent  of  the  reliable  energy  curves  fit  the  Planck 
equation,  the  validity  of  which  was  assumed  in  order  to  compute 
the  radiation  constants  from  the  observed  data.  This  involves  a 
temperature  range  greater  than  1000^.  Within  this  temperattue 
range  there  is  a  tendency  for  the  constants  to  increase  slightly 
with  temperature,  in  several  sets  of  observations,  but  owing  to 
the  various  difficulties  involved  in  the  work,  this  slight  variation 
is  not  sufficiently  systematic  to  be  considered  an  actual  departure 
from  the  theoretical  (Planck)  law,  upon  which  the  computations 
are  based. 

In  Table  21  are  assembled  the  reliable  data  which  form  the 
basis  for  obtaining  a  mean  value  of  the  radiation  constants.  The 
mean  value  of  these  eight  sets  (which  among  themselves  contain 
the  mean  values  of  94)  of  the  best  spectral  energy  curves  is: 

C  =■  14  456  ±  4  mikron  deg. 
A  ■»  291 1  ±  I  mikron  deg. 
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The  mean  value  of  these  94  energy  curves,  taken  as  a  single  group, 
hence  giving  the  same  weight  to  each  curve,  is  C*- 14  458.  The 
mean  value  of  all  energy  curves  observed  in  1911  and  1912  (the 
105  energy  curves  in  the  eight  sets  of  observations,  not  excluding 
the  poor  ones)  is  C— 14  471  ±8.  Here  the  probable  error  of  the 
result  is  doubled  by  including  the  doubtful  curves  which  should 
be  rejected  for  the  reasons  given  in  the  text.  However,  it  is 
evident  that  no  matter  how  we  combine  the  observations,  it 
affects  but  Uttle  the  mean  value  of  the  constant.  This  is  owing 
to  the  large  number  of  energy  curves,  and  the  large  number  of 
computations  (4  to  7)  made  upon  each  energy  curve.  The  final 
value  is,  in  fact,  based  upon  about  600  individual  values. 

TABLE  21 
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A-2911±l 

The  weighted  mean  value  of  the  four  sets  of  observations  men- 
tioned in  the  text  (viz,  Ltunmer  and  Pringsheim,"*  C"i4  460x1; 
Paschen,"  C-»i4  458X3;  Coblentz,  C«i4  456X10;  Warburg, 
C»  14  374 X 10)  is  C— 14  420  and  A  -2905.  The  mean  value  of 
the  results  of  Warburg  and  of  the  writer  is  C- 14  415. 

The  difference  in  the  results  of  the  two  recent  determinations 
causes  an  uncertainty  of  about  3^  at  the  melting  point  of  palladium 
(m.  p. » 1549^)  and  of  about  5^  at  the  melting  point  of  platinum 
(m.  p.  =  1755°). 


M  After  reoomsmtatloo  aa  explained. 
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In  conclusion,  especial  acknowledgment  is  due  Mr.  U.  P.  Rosen 
for  the  numerical  computations  involved  in  this  research. 

Washington,  December  12, 191 2." 

Z.  K OTB  ON  THE  TBMFERATURB  SCALB. 

Dtuing  the  past  month  Dr.  Burgess  and  Mr.  Kellberg  have 
made  a  thorough  investigation  of  the  thermocouples  used  in  this 
research,  including  a  calibration  at  the  melting  point  (1549^)  of 
palladium.  This  was  done  in  order  to  obtain  a  check  upon  the 
accuracy  of  the  temperattu-e  scale  obtained  by  extrapolation  from 
the  melting  point  (1083®)  of  copper,  as  described  on  a  previous 
page. 

The  annealed  thermocouples  (known  as  C,,  C,,  CJ  were  first 
calibrated  by  freezing  and  melting  points  in  copper,  antimony, 
and  zinc.  The  emfs  observed  were  somewhat  lower  (equivalent 
to  0^.5  to  I®  in  temperature)  than  the  previous  caUbrations. 
However,  this  does  not  require  a  correction  in  the  temperatures 
recorded  in  this  investigation,  for  in  the  meantime  the  thermo- 
couples had  been  used  in  determining  spectral  energy  curves 
produced  by  a  cloudy  fluorite  prism  (to  be  mentioned  presently) , 
after  whidi  the  radiator  was  heated  above  1500^  for  some  tests 
with  a  colorimeter.  The  high  temperatiu-es  employed  in  the 
latter  work  were  no  doubt  responsible  for  the  change  in  the 
emf  of  the  couples. 

A  homogeneity  test  was  then  made  on  these  couples,  one  of 
which  showed  a  contaminated  place  in  the  platinum  wire.  How- 
ever, since  the  mean  value  of  the  results  obtained  with  this 
thermocouple  are  in  agreement  with  the  values  obtained  with  the 
other  thermocouples,  no  apprehension  is  felt  because  of  this  fact. 

*  TUs  if  the  date  when  the  writing  of  this  peper  was  completed  and  abstracts  were  iasued  for  publica- 
tion  (J.  Wash.  Acad.  Sci.,  8.  p.  xo,  19x3;  and  Amcr.  Phys.  Soc.  (Phys.  Rev.  (a),  1,  p.  349,  19x3)).  As 
ocpbdned  in  the  text  (see  "Temperature  scale")  there  was  a  systematic  increase  in  the  value  of  C  for 
temperatwes  above  1400*;  and  it  was  necessary  to  assume  this  to  be  a  fault  in  the  estimatian  of  tempera- 
tores  or  in  the  Planck  equation.  The  writer  diose  the  former  alternative  and  modified  the  correcti<nis  to 
the  optical  temperature  scale.  This  modification  of  the  temperature  scale  above  1400*  has  no  effect  upon 
the  data  obtained  in  19x3,  whidi  is  the  crudal  work,  owing  to  the  fact  that  intentionally  (to  save  the 
thcfmoooaple  calibration,  the  difficulty  with  the  temperature  correction  was  not  foreseen)  no  energy 
curves  were  observed  at  high  temperatures.  The  systematic  errors  which  formerly  caused  the  meaA 
values  of  the  various  sets  of  observations  to  differ  by  o.a  to  0.5  per  cent  are  now  reduced  to  less  than  o.a 
per  cent.  The  former  values  of  C  published  in  these  two  journals  are  therefore  withdrawn.  Washington, 
January  15. 19x3. 
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The  couples  were  then  annealed  by  headng  them  electrically 
to  about  1600^  C.  The  palladium  points  were  then  taken  on 
C,  and  Cg  by  fusing  a  small  piece  of  palladium  about  5  mm  long 
between  the  platiniun  and  the  alloy  wires  and  melting  the  palla- 
dium in  an  iridium  tube  furnace.  The  couples  were  then  cali- 
brated at  the  freezing  points  of  copper,  antimony,  and  zinc.  The 
couple  C,  showed  no  change  as  the  result  of  annealing.  This 
couple  is  in  close  agreement  with  the  Geophysical  Laboratory's 
standard  curve  given  in  the  American  Journal  of  Science,  July, 
1 9 10. 

The  palladium  used  in  this  calibration  was  obtained  from 
Heraeus,  and  from  Day  &  Sosman  of  the  Geophjrsical  Laboratory. 
The  results  from  the  two  kinds  of  material  are  in  agreement 
within  the  limits  of  experimental  error. 

As  explained  in  Part  IV  of  this  paper,  the  true  temperatures 
were  obtained  by  adding  to  the  temperatures  on  the  thermo- 
electric scale  certain  values  given  in  Table  4.  The  present  data, 
including  the  calibration  at  the  melting  point  of  palladium,  were 
obtained  to  test  the  accuracy  of  the  temperature  corrections  given 
in  Table  4.  For  this  purpose  the  thermocouple  calibration  curve 
was  computed  using  zinc,  antimony,  and  copper  as  the  three  fixed 
points.  The  calibration  curve  was  computed  also  by  using  anti- 
mony, copper,  and  palladium  as  the  fixed  points.  The  difference 
between  the  calibration  curve  extrapolated  beyond  the  copper 
fixed  point  and  the  calibration  curve  obtained  by  interpolation 
between  the  copper  and  the  palladium  fixed  points  gives  the  true 
temperature  corrections.  The  results  obtained  with  the  two 
thermocouples  show  that  the  corrections  in  Table  4  are  too  small 
at  the  lowest  temperatures  (1,200^)  and  too  large  at  the  highest 
temperatures.  The  correction  is  about  2^  at  1,200^  and  about 
8^  at  1,400^.  Making  these  corrections  in  Tables  11  to  20,  in- 
clusive, has  but  little  effect  on  the  final  mean  value.  For  example 
in  Table  21  the  mean  values  of  C  taken  in  succession  are  to  b< 
increased  by  the  following  values:  22,  4,  14,  7,  2,  9,  o,  14.  This 
increases  by  9  the  mean  value  (C  « 14,456)  of  the  8  sets  of  observa- 
tions, so  that  the  corrected  mean  value  is 

C- 14,465. 
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The  results  show  that  these  corrections  have  but  little  efiEect 
upon  the  final  mean  value. 

The  latest  results  of  Hoffmann  &  Meisner  "  on  the  ratio  of  bright- 
ness of  two  black  bodies  at  the  melting  points  of  gold  and  of 
palladium,  using  an  optical  p3rrometer,  gives  a  value  of  C  » 1 4,440. 
The  value  now  commonly  used  is  C— 14,500,  and  from  present 
indications  there  appears  to  be  no  need  of  haste  in  adopting  a 
new  value. 

In  conclusion  it  is  desirable  to  record  the  results  of  an  investi- 
gation made  during  the  past  year  of  the  shape  of  the  spectral 
energy  etudes  obtained  with  a  new  fluorite  prism  having  faces 
30  by  34  mm.  and  an  angle  of  60^.  The  prism  was  white  and  had 
several  streaks  of  cloudiness  but  no  internal  cleavage  faces.  The 
energy  curves  seemed  distorted  similar  to  the  ones  recorded  for 
prism  No.  2,  mentioned  in  this  paper,  and  the  constants  were  as 
high  in  value  as  those  f otmd  for  the  latter  prism  (see  Table  1 7) . 
It  therefore  appears  that  the  homogeneity  of  the  prism  is  an  im- 
portant factor  in  determining  the  shape  of  an  energy  ctirve. 

Washington,  October  9,  1913. 

■*Zcit.  f{lr  InrtnmumtfiiWndc  33,  i>.  157,  zgxj. 
20583"— 14 6 


MELTING  POINTS  OF  THE  REFRACTORY  EU 
L  ELEMENTS  OF  ATOMIC  WEIGHT  FROM  48  TO  59 


G.  K.  3uige»  and  R.  G.  Waheoberg 


The  elements  included  in  this  list  are  the  iron  group — ^nickel, 
cobalt,  iron,  manganese,  and  chromium — and  also  vanadium  and 
titanium.  In  subsequent  papers  results  will  be  given  on  other 
refractory  elements  now  being  studied,  and  it  is  hoped  eventually 
to  include  all  the  available  refractory  elements  in  this  series  of 
melting-point  determinations. 

The  method  mainly  used  is  that  of  the  microp3a'ometer  *  which, 
for  those  metals  for  which  the  melting  is  sharp,  as  nickel,  cobalt, 
and  iron,  permits  working  to  a  precision  of  i^  or  2^  with  a  few 
thousandths  of  a  milligram  of  the  material  the  melting  point  of 
which  is  sought.  I 

An  estimation  of  the  melting  points  of  the  iron  group  elements ' 
was  made  some  years  ago  by  a  similar  but  less  sensitive  method  at 
a  time  when  none  of  these  melting  points  was  well  known.  The 
object  of  these  earlier  measurements  was  primarily  to  demonstrate 
the  convenience  and  reliability  of  the  method,  especially  for  those 
elements  which  can  be  obtained  pure  only  in  minute  quantities. 
It  is  believed  that  the  present  series  of  determinations,  with  the 
improved  apparatus,  will  contribute  to  a  more  exact  knowledge  of 
these  melting  points. 

The  melts  were  taken  for  the  most  part  in  pure  hydrogen  gen- 
erated from  "hydrone,"  and  further  purified  and  dried  by  passing, 
in  the  order  named,  through  a  neutral  lead  nitrate  aqueous  solution 
with  lead  sulphate  in  suspension  to  remove  sulphur  and  arsenic; 
through  a  solution  of  soditun  hydroxide  to  remove  carbon  dioxide, 

*  A  Ificropyrametcr.  by  G.  K.  Bvrien.  JL  Wathitnton  Acadany»  t,  p.  7;  19x3.  Fhyft.  Zs.,  14,  p.  tsS* 
1913.  TUi  Bulletin,  •,  p.  575;  X9X3- 

>llcldac  VvaU  cf  the  Irai  Groap  Bknots  by  a  New  RadfatfcM  Method,  by  G.  K.  BorgeM.  TUs 
^■B"tin,t,  p.34s;  1907. 
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over  fused  calcium  chloride  for  preliminary  drying,  over  a  plati- 
num catalyzer,  consisting  of  a  spiral  of  0.4  mm  platinum  wire  i  m 
long,  heated  electrically  to  incandescence  to  combine  the  oxygen 
in  the  hydrogen  and  remove  arsenic  and  antimony.  It  was  finally 
dried  by  passing  through  a  XT  tube  containing  calcium  chloride, 
through  concentrated  sulphuric  acid,  and  over  phosphoric  pen- 
toxide.  Although  this  complete  train  may  not  be  necessary  for 
all  the  metals  studied,  yet  in  some  cases,  such  as  chromium  and 
zirconitun,  pure,  dry  hydrogen  appears  essential  to  success.  For 
the  more  readily  oxidizable  metals,  it  was  also  found  advisable, 
before  admitting  hydrogen,  to  first  remove  all  air  from  the  cold 
furnace  with  a  vacuum  pump. 

The  melts,  except  for  titanium,  were  taken  on  platinum  strips 
6  to  8  cm  long,  4  mm  wide,  and  o.oi  or  0.02  mm  thick.  Manganese 
was  also  melted  on  nickel  strips  and  titanium  was  melted  on 
iridium  strips.  The  melting  points  of  nickel,  cobalt,  and  iron  were 
also  taken  in  crucibles. 

Calibration  with  Nickel  and  Palladium. — ^Por  melts  on  platinum 
the  pyrometer  was  calibrated  in  terms  of  the  melting  points  of 
nickel  and  palladium.  The  melting  of  these  metals  is  extremely 
sharp  on  platinum  and  they  appear  to  show  no  alloying  until  they 
melt.  It  is  assumed  that  they  melt  on  platinum  at  the  same  tem- 
peratures as  in  crucibles,  which  we  have  found  to  be  the  case 
within  the  limits  of  observational  errors,  for  nickel,  cobalt,  and  iron, 
the  only  metals  thus  compared. 

Numerous  observations  were  made  with  various  metals  upon 
the  possible  effects  on  the  melting-point  determinations  of  alloying 
with  the  platinum  strip.  We  are  convinced  that  except  possibly 
in  some  cases,  which  we  shall  not  consider  here,  in  which  there  may 
be  a  chemical  reaction  among  the  materials  in  the  furnace,  as,  for 
example,  when  silicon,  platinum,  and  hydrogen  are  together,  there 
is  no  significant  alloying  effect  with  the  apparatus  and  materials 
as  we  use  them.  We  may  mention,  for  example,  that  with  gold  on 
a  platinum  strip  it  is  possible  to  have  two  adjacent  pieces  of  gold, 
differing  in  temperature  by  only  i^,  one  of  which  is  completely 
liquid  and  the  other  showing  no  signs  of  melting.  (See  Fig.  104.) 
Again,  the  alloying  of  silver  with  platinum  may  be  examined  and 
followed  very  readily  tmder  the  microscope,  since  the  silver  appears 
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black  before  and  also  just  after  melting,  and  only  begins  to  brighten, 
due  to  alloying,  after  melting  has  occurred,  even  with  very  minute 
particles  of  silver  on  the  platinum  strip.  Finally,  Day  and  Sosman 
find  that  anorthite  and  palladium  melt  in  crucibles  at  the  same 
temperature.  We  find  this  also  true  for  the  melting  of  these  sub- 
stances on  platinum.  Moreover,  we  have  exactly  reproduced  with 
the  microp3a'ometer  their  value  of  the  diopside  melting  point,  1391 , 
with  some  of  their  material;  thus  proving  that  calibration  with 
metals  gives  correct  melting  points  of  nonmetallic  materials. 

The  melting  points  of  both  nickel  and  palladium  may  be 
considered  as  well  established  by  several  series  of  measurements, 
in  particular  by  the  gas  thermometer  measurements  of  Day  and 
Sosman."  The  palladium  point  has  also  been  determined  several 
times  by  optical  methods,^  and  the  difference  between  nickel  and 
palladium  has  been  carefully  measiu'ed.* 

We  have  made  an  independent  optical  determination  of  the 
nickel  melting  point  in  hydrogen  with  an  Arsem  furnace.*  The 
nickel  was  melted  in  a  magnesia  crucible  contained  within  an 
outglazed  closed-end  porcelain  tube  or  one  of  kaolin.  Tempera- 
tures were  measured  with  a  Holbom-Kurlbaum  form  of  Morse 
pjrrometer  which  had  been  calibrated  by  Dr.  Elanolt  at  the 
melting  points  of  antimony  (630),  Agj-Cu,  (779),  silver  (960.5), 
copper  (1083),  and  diopside  (1391).  Five  observations  by  Dr. 
Kanolt  on  the  melting  point  of  platimun  with  this  p3rrometer 
gave  i755±5  in  an  iridium  furnace,  or  in  exact  agreement  with  the 
generally  accepted  value.^ 

For  nickel,  four  observations  in  hydrogen  gave  us  1449,  1450, 
1449,  1449  in  the  Arsem  furnace,  by  the  method  of  optical  heating 
and  cooling  curves,'  which  is  close  to  Day  and  Sosman's  value, 
1452.  Four  observations  of  the  melting  point  of  nickel  on 
iridium  with  the  microp3rrometer  gave  us  1452. 

With  the  long-filament  p)nrometer  lamps  used,  the  equation* 
log  C  =  a  -f-  6  log  T  (in  which  C = current,  T = absolute  temperature, 

*  Day  mad  Soman,  Conicgie  Inttitutlon  of  Wash.    Pub.  No.  X87;  19x1. 

*  Waldner  and  Burgcat,  this  Bulletin,  S;  p.  163;  1907.    Warburg  and  others,  Berlin  Akad  ,  p.  35;  19x3. 
Ncmst  and  Wartenbcrg .  Vcrh.  Deutsch  Phys.  Ges..  8;  p.  48;  1906. 

*  Ruer,  Za.  Anorg  Ch.,  SI;  p.  393;  1906. 

*  J.  Am.  Chcm.  Soc.,  S8;  p.  911 ;  1906. 

*  See  Day  and  Soaman,  loc.  dt.;  Waldner  and  Burgess,  loc.  dt. 

*  C.  W.  Kanolt,  Tedm.  Paper  No.  zo.  Bureau  Standards;  19x3. 

*  Finud.  Vcrh.  Phys.  Ges.,  IS;  p.  333;  19x0. 
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and  b  is  very  nearly  unity)  is  sufficient  for  very  considerable 
temperatiu'e  ranges,  and  permits  a  calibration  in  terms  of  two 
temperatures  only ,  i.  e. ,  nickel  and  palladium.  Applying  this  equa- 
tion by  extrapolation  to  the  determination  of  the  platintun  melt- 
ing point  by  observing  the  melting  of  platinum  strips  mounted  as 
usual  for  taking  metal  melts,  we  obtained  1755^  ±5  from  six 
observations.  The  relatively  small  precision  is  due  in  part  to  the 
impossibility  of  perfectly  controlling  the  rheostats  and  exactly 
matching  lamp  and  strip  at  the  instant  the  latter  bums  out  and 
in  part  to  the  fact  that  the  strip  does  not  always  melt  at  exactly 
the  spot  sighted  upon. 

We  had  originally  intended  to  adopt  a  three-point  calibration, 
and  expected  to  use  for  this  ptupose  nickel,  cobalt,  and  palladium 
as  determined  by  Day  and  Sosman,  but  we  found  it  impossible  to 
make  the  value  of  the  cobalt  point  as  determined  by  them  fit  the 
curve  by  some  10^,  as  will  be  shown  later,  and  fortunately  the  two- 
parameter  curve  was  found  sufficiently  exact. 

The  metals  actually  used  for  calibration  in  hydrogen  were 
"Elahlbaum"  electrolytic  nickel  (M.  P. » 1452)  and  pure  Heraeus 
palladium  (M.  P. » 1549) ,  both  of  the  same  grade  as  used  by  Day 
and  Sosman.^^  A  sample  of  their  palladium  gave  exactly  the 
same  melting  point  as  ours.  Palladium  melts  at  the  same  tem- 
perature in  air,  vacuo,  and  hydrogen,  according  to  our  observa- 
tions. In  controlling  the  constancy  of  the  p)nrometer  lamps  and 
studying  the  reproductibility  of  the  melts  some  35  observations 
were  taken  of  nickel  and  20  of  palladium.  The  various  metals 
were  not  studied  in  r^;ular  order  but  mixed  as  indisciminatdy  as 
possible,  with  observations  on  the  standard  points,  nickel  and 
palladium. 

IRON 

Pure  electrol)rtic  iron  from  three  sources  and  as  many  different 
methods  of  preparation  was  used,  namely,  from  Prof.  C.  P.  Burgess 
(same  iron  used  in  the  1907  observations  ")  from  Langheim-Pfan- 
hauser  Werke  A.  G.  kindly  f tunished  by  Dr.  Hans  Goldscmidt,  and 

>•  Day,  Soman,  and  Allen,  loc.  dt.    The  analysb  by  Dr.  AJkn  of  these  i>rodtictt  cave  the  nickel  as 
99.935  pure  and  the  palladium  99.975- 
"  G.  K.  Burfess,  loc.  dt. 
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Mr.  Wm.  C.  Cuntz,  and  from  a  sample  prepared  by  Mr.  J.  R.  Cain, 
of  this  Bmeau.  The  analyses  as  fmnished  are  as  follows,  not 
including  gases: 


C.  F.BvfgMi 

PlMUHtlHf 

Cain 

Pwcwt 
0.00 
.013 
.004 
.00 
.012 

Pwcwt 

OlOO 
.00 
.007 
.00 
.00 
.008 

Pwcwt 
0.004 

amno 

.001 

.0006 

Mint!  film 

CHbMI.    

.004 

Cflppcr..      ...       L >. 

.008 

"Kahlbamn"  iron  in  powdered  form  and  iron  reduced  on  the 
platinum  strip  in  hydrogen  from  "  Elahlbaum ''  oxide  were  also  used. 

In  Table  i  are  given  the  results  obtained  in  a  hydrogen  atmos- 
phere with  the  micropyrometer. 

TABLE  1 
Melting  Point  of  Iron  by  Micropyrometer 


• 

^ 

"^SSb**** 

Wnm  Mid*, 

1588 

15S7 

1524 
1532 
1534 
1534 
1535 

1533 

1534 

1532 

1530 

1534 

1530 

1532 

Mmii*1S84 

lfMUB,1532 

There  appears  to  be  no  systematic  difference  among  the  several 
samples  nor  for  different  sized  pieces,  and  the  mean  value  is  i533±  i. 
This  is  somewhat  higher  than  all  other  recent  determinations. 
Carpenter,  for  instance,^'  assigns  the  value  1520  and  in  Landolt's 
tables  (4th  ed.,  1912)  the  range  is  1502  to  1532. 

We  venture  to  suggest  that  this  apparently  high  determination 
of  the  iron  point  furnishes  further  evidence  that  the  method  here 

^  H.  C.  H.  Otfpcnter.  Jtoa  mad  Steel  Inst.;  September.  1908. 
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used  does  not  give  low  results  for  metals  alloying  with  platinum, 
even  in  those  cases  in  which  the  addition  of  either  metal  to  the 
other  is  known  to  lower  the  melting  point  as  is  the  case  for  iron- 
platinum. 

The  melting  and  freezing  points  of  iron,  in  vacuo  and  in  hydrogen, 
were  also  taken  in  the  Arsem  furnace.  Pour  observations  in 
vacuo  gave  1531,  1531,  1529,  1527,  and  two  in  hydrogen  gave 

1523,  1527. 

COBALT 

The  cobalt  used  was  cobalt  "  Kahlbaum  "  in  the  form  of  powder, 
EZahlbaum's  wfirfeln,  cobalt  reduced  in  hydrogen  on  the  platinum 
strip  from  "  Elahlbaum ''  cobalt  oxide,  and  a  sample  kindly  fur- 
nished by  Messrs.  Day  and  Sosman,  cut  from  material  which  had 
actually  been  used  for  their  determinations  and  which  was  origi- 
nally powdered  cobalt  *' Kahlbaum''  "  shown  by  Dr.  E.  T.  Allen 
to  be  99.951  per  cent  cobalt. 

The  cobalt  **  Kahlbaum  "  and  wiirfeln  were  observed  simultane- 
ously and  no  appreciable  difference  in  their  melting  points  was 

detected. 

TABLE  2 

Melting  Point  of  Cobalt  by  Micropyrometer 


'XaUbaam"  powder  and 
wttxMn  logsdiiBff 

Co  tram  the  oilde  *'KiddtMmm" 

Day  and  Soemaa'a  aanipla 

1478 
1479 
1482 

1475 
1478 

1474 
1478 
1478 

1476 

1475 

1476 

1478 

Mean*  1478 

All  these  samples  appear  to  have  the  same  melting  point,  the 
mean  value  of  which  is  1477  ±  2.  Three  observations  taken  in  the 
Arsem  furnace,  by  the  same  method  described  for  nickel,  each  gave 
for  the  melting  point  of  cobalt  1478.  Finally,  two  melts  of  cobalt 
on  iridium  gave  with  the  microp3rrometer  1477  and  1478. 

u  Day,  Sosmaii,  and  Alkn,  loc.  ctt. 
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The  value  of  the  cobalt  point  which  Day  and  Sosman  fotmd  is 
1490  in  a  nitrogen  atmosphere.  They  used  powdered  cobalt 
heated  in  crucibles  of  22  cc  in  hydrogen,  the  nitrogen  replacing 
hydrogen  immediately  preceding  an  observation.  They  consider 
their  cobalt  determinations  less  satisfactory  than  those  of  nickel. 
There  is  a  possibility  of  oxidation  of  some  of  the  powder  which 
may  be  stiffident  to  raise  the  melting  point  (cf .  chromium  and 
vanadium).  We  hope  later  to  be  able  to  study  the  effects  of  the 
presence  of  oxides  on  the  melting  points  of  the  iron-group  elements. 

CHROMIUM 

Strictly  pure  chromium  was  not  available,  and  it  is  difficult  to 

locate  exactly  the  melting  points  of  an  impure  viscous  substance. 

Observations  were  taken  on  two  samples  from  Kahlbaum  and  on 

one  from  Dr.  H.  Goldschmidt,  all  of  a  purity  probably  not  greater 

than  98  per  cent. 

TABLE  3 

Melting  Pomt  of  (98  Per  Cent  ?)  Chromium  by  Miciopyrometer 


1527 

WmlhUtm^mt  H 

1536, 1513, 1513 

1514, 1524 

As  best  representative  value  we  may  take  1520,  or  a  tempera- 
ture slightly  lower  than  the  iron  melting  point,  1533.  However, 
the  melting  point  of  pure  chromium  may  well  be  above  that  of 
iron,  as  is  shown  by  a  consideration  of  the  formula  for  lowering 
the  freezing  point  by  metallic  impurities: 

0.02  .'P.p 
^^  p  .  M 

when  ^— per  cent  impurity  of  molecular  weight  Af,  /»»heat  of 
fusion  at  absolute  temperature  T.    Assuming  that  />»3o  and 

*^  ^     0.02  .  1800*  .2        o      ^,    .  .     ^.  - 

M«ioo,  we  have  ^t^ — «  43^,  so  that  assuming  this 

30  •  100  ^ 

formula  to  hold,  which  is  questionable,  the  melting  point  of 

strictly  pure  chromium  might  be  as  high  as  1560.     On  the  other 

hand,  the  value  1520  may  be  nearer  the  true  one  if,  as  appears 

probable,  the  presence  of  oxides  acts  in  the  direction  not  of  lowering 
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but  of  raising  the  chromium  melting  point,  as  was  found  in  the  case 
of  vanadium  by  Ruff  and  Martin.  ^^  If  chromitun  is  melted,  for 
example,  in  a  slightly  oxidizing  atmosphere  or  in  impure  hydrogen, 
an  apparent  melting  point  above  that  of  platinum  may  be  obtained. 


MANOAIIESB 


We  have  not  been  able  to  obtain  pure  manganese,  and  the  impure 
samples  from  Kahlbaum  and  from  Goldschmidt  are  even  more 
sluggish  than  chromitun.  The  Goldschmidt  manganese  was  from 
a  sample  furnished  with  the  following  analjrsis: 


Si a  70-  z.  00 

Fc 95-  I-  ©S 

Al 40-    .70 

S 05-     .  XQ 

P ao-    .3P 

Mn 97.  70-96.90 

Melts  were  taken  both  on  platinum  and  on  nickel  strips  with 
the  microp3nrometer  using  gold  (1063)  and  palladium  as  calibra- 
tion points.  Those  on  nickel  were  less  satisfactory,  due  apparently 
to  evaporation  of  nickel. 

TABLE  4 

Melting  Point  of  (97.5?)  Manganese 


K^llMum 

GflMMfimtm 

Oa  Pt 

U42 

On  PI 

1161 

Ott  m .--- 

On  PI 

UM 

On  PI 

vn 

On  Nl 

12S4 

The  mean  is  1254,  which  is  possibly  lower  than  the  melting 
point  of  strictly  pure  manganese  by  20^. 

VANADroM 

Dr.  V.  Wartenberg,  of  Berlin,  was  kind  enough  to  send  us  some 
97  per  cent  vanadium  prepared  by  him  from  the  suboxide  by  the 
alumino-thermic  method  with  calcium.  It  contains  traces  of 
Ca,  Al,  and  Fe.  Prof.  Wedekind,  of  Strassburg,  also  furnished 
us  with  a  sample  of  his  98  per  cent  vanadium. 

^*  Ruff  and  MMtin,  Ober  reiiifi*  Vanadin  Z§  Angcw.  Chcm.,  ttt  P.  49;  X9Xt. 
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We  have  also  examined  two  samples  purchased  from  Kahlbaum 
at  di£fereiit -dates.  None  of  the  samples  melt  sharply,  the  sub- 
stance bemg  quite  viscous,  and  they  all  show  evidences  of  incipient 
melting  many  degrees  below  the  temperature  at  which  the  melting 
is  complete. 

With  the  Kahlbatmi  samples,  evidences  of  melting  were  apparent 
as  low  as  1500  and  melting  was  complete  at  about  1720,  the 
samples  showing  evidences  of  nonhomogeneity  of  composition. 

With  Dr.  V.  Wartenberg's  and  Prof.  Wedekind's  vanadium  the 
following  results  were  obtained : 

TABLE  5 
Melting  Point  of  Vanadiom.  by  IiGciopyrometer 


98  per 


Ya 


97  per  ctnt  Va  fraoi  t*  wtttHibtti 


1700 
17S7 
1773 
1717 


1680) 

1891 

1891 

1885 

1899 

1705 

1725 


PlaoM  tf  about  0.001  mc 


1 


Madfann  aliad  pjecw 


Evidences  of  incipient  melting  were  apparent  from  about  1650 
with  both  of  these  materials,  and  the  vanadium  of  Prof.  Wedekind 
appeared  to  be  somewhat  inhomogeneous. 

Other  determinations  of  the  vanadium  melting  point  are  as 
follows : 


Taar 

Avtter 

Maltaod 

Van.  p. 

190$ 

▼t  PiHwi  ,.....,,, 

TMal  piMtHiMirte 

1880 

1906 

Vcml  aii4  Tammann . , 

Optical  and  tbenaaalaclrle  Va  camalnlBg  1.2  pw  cwt  81. .. . 
Optical  In  Tvfifitrafnniaea  97  par  cant  Va.......  .    x. 

17S0 

1910 

V.  Wattanbais 

Rnflaad  ICafttD 

1710 

1912 

OptiCPlt  Vf"  W"0^*  fMA  ff|fn4#  bl  MnrtHB 

1715 

According  to  the  experiments  of  Ruff  and  Martin,**  the  presence 
of  either  an  oxide  or  the  carbide  raises  the  vanadium  melting 
point.    As  some  oxide  is  usually  present,  its  effect  probably 


I*  Ruff  and  Martin,  loc  dt. 
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neutralizes  the  lowering  due  to  the  slight  amount  of  metallic 
impurities.  We  would  place  the  vanadium  melting  point  at  about 
1 720,  both  from  a  consideration  of  our  own  and  of  other  determi- 
nations. 

utahium 

Prof.  M.  A.  Hunter,  of  the  Rensselaer  Polytechnic  Institute, 
was  kind  enough  to  place  at  our  disposal  a  sample  of  pure  titanium 
which  he  prepared  from  material  furnished  by  the  Titanium  Alloy 
Manufacturing  Co.,  of  Niagara  Falls.  This  titanium  as  analyzed 
by  Prof.  Hunter  contains  only  a  trace  of  iron  and  no  other  detect- 
able impurity.  Prof.  Wedekind  likewise  kindly  sent  us  two 
samples  prepared  by  him  and  one  by  Dr.  v.  Wartenberg.  The 
colloid  titanium  of  Wedekind  melted  at  1503  to  1451,  and  his 
powdered  titanium  at  1452. 

We  also  took  observations  on  two  samples  from  Kahlbaum, 
which  were  evidently  from  their  behavior  quite  impure,  showing 
evidences  of  considerable  inhomogeneity  and  an  extended  melting 
range.  For  the  Elahlbatun  samples  the  following  points  were 
obtained:  1664, 1724, 1677,  i737>  1641. 

The  titanium  of  Hunter  and  of  v.  Wartenberg  showed  no  signs 
of  melting  on  platintun.  The  melting  points  of  these  samples 
were  taken  on  iridium  strips. 

TABLE  6 

Melting  Point  of  Titanium  by  Mycrop3rTometer 


XI  fmn  Pral.  Hmtof 

Tl  fmn  Df .  v.  WtttBiilMrc 

1790 
178S 
178S 

1778 
1W7 
1815 

Mmii,1787 

Mmii,  1800 

These  melting  points  are  fairly  sharp,  and  the  location  of  the 
temperature  was  made  by  calibrating  tiie  micropyrometer  for  the 
iridium  strip  by  taking  observations  on  it  of  the  melting  of  palla- 
dium (1549)  and  of  platinum  (1755). 
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SUMMART 

We  have  shown  that  the  micropjn-ometer  may  be  made  an 
instrument  of  precision  for  the  determination  of  the  melting 
points  of  refractory  metals  and  salts;  that  in  the  case  of  the  metals 
examined  the  effect  of  alloying  of  microscopic  particles  on 
platinum  and  iridium  is  inconsequential  until  after  melting,  which 
we  have  shown  for  nickel,  cobalt,  and  iron  to  occur  at  the  same 
temperature  for  minute  particles  on  the  strips  as  for  considerable 
quantities  in  crucibles  of  magnesia. 

Asstuning  the  melting  points  of  nickel  to  be  1452,  palladium 
1549,  and  platinum  17551  and  the  calibration  ciun^res  of  the  pyrom- 
eter lamps  of  the  form  log  C'^a-^-b  log  T,  for  the  range  here 
studied,  we  have  determined  the  melting  points  of  Fe,  Co,  Cr,  Mn, 
Va,  and  Ti  with  the  micropyrometer  and  of  Ni,  Co,  and  Fe  in 
quantity  in  the  electric  furnace,  all  melts  having  been  taken  in 
pure  hydrogen  and  Fe  also  in  vacuo.  For  Cr,  Mn,  and  Va,  strictly 
pure  materials  were  not  available,  and  we  can  but  estimate  the 
melting  points  of  the  pure  elements. 

TABLE  7 
Melting  Points  of  Elements  of  Atomic  Weight  48  to  59 


HMUd^  piliit  wHh 


Pwity 


PiDbtbl*  nMltfiic 
point  of  pun 


HklMl 
CotMdt. 


ui4« 
1M449 

1477±a 
U1478±1 
»1S33±1 

nisaa 

12» 

1520 

1720 
1794±12 


99.03ft 

99.9S| 

99.96±.01 

97-00 

90-99 

97-00 
99.9+ 


I 


1452J:9 
14703b5 

1S»±S 

1260±20 

1520 

ftD>F«r 

1720±S0 

1795i:lS 


u  Assumed  value  on  plitimmi  strip;  also  obsenred  value  on  iridham  strip. 
^  Cmrible  melts  in  electric  furnace. 

>*Cnacible  mdts  in  dectric  fomace:  also  on  iridium  strip  with  niicropjrrometer. 
^  Five  samplrs  all  agreeing  to  within  j*. 
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PHOTOMICROGRAPHS 

The  photomicrographs  show  the  appearance  of  the  material  on 
the  strips  as  it  is  taken  out  of  the  apparatus.  The  photographs 
of  the  cold  strip  were  taken  with  a  metallographic  microscope 
using  vertical  illumination  and  a  magnification  of  25  diameters. 

Photomicrograph  No.  104  shows  two  pieces  of  gold  separated 
by  less  than  i  mm,  one  melted  the  other  not  melted.  The  pieces 
were  about  the  same  size  when  put  on  the  strip  but  the  piece  which 
had  been  melted  appears  larger  because  it  flattens  on  melting. 
The  difference  in  temperature  between  the  pieces  was  probably  less 
than  I  ^  C  and  the  temperature  of  the  strip  was  held  constant  while 
several  observations  were  recorded.  We  consider  this  to  be  an 
indication  that  alloying  between  the  strip  and  a  metal  on  the  strip 
does  not  have  any  appreciable  effect  on  the  melting  point  of  the 
metal. 

The  streaks  appearing  in  micrograph  No.  87,  Kahlbaum  titanitun 
on  a  platium  strip,  and  No.  90,  vanadium,  are  typical  of  impure 
substances.  No  such  streaks  have  been  observed  with  pure 
metals,  but  those  elements  which  we  know  are  pure  gather  into 
globules,  as  is  shown  in  the  micrographs  of  nickel»  iron,  and 
palladium. 

Washington,  April  25,  1913. 
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L  INTRODUCTION 

I 

1.  SCOPB  OF  mVBSTIGATION 

Instruments  for  the  measurement  of  cturent  of  radiotel^[raphic 
frequencies,  about  lOO  ooo  to  2  ooo  ooo  cycles  per  second,  gen- 
erally depend  upon  the  thermal  effect  of  the  cturent.  The 
electrodynamic  eflFect  of  the  current  has  not  been  very  success- 
fully utilized;  because  when  the  wire  is  coiled  up  to  form  an 
electrod3mamometer,  conditions  are  favorable  (impedance  large 
and  capacity  large)  for  part  of  the  current  to  flow  through  the 
dielectric  instead  of  the  wire,  in  amotmt  varying  with  the  fre- 
quency. An  electrodynamic  instrument  which  is  useful  for  some 
purposes  utilizes  the  eddy  cmrents  in  a  conducting  ring  suspended 
within  a  coil  *  which  carries  the  ciurent  to  be  measured ;  however, 
the  deflection  varies  with  frequency,  so  that  the  instrument  can 
not  be  considered  in  the  usual  sense  an  ammeter.  The  thermal 
effect,  on  the  other  hand,  can  readily  be  measured  in  a  simple 
straight  wire  as  well  as  in  any  other  form  of  circuit,  so  that  a 
suitable  form  of  circuit  is  most  readily  attained  in  the  thermal 
ammeter.  The  heat  production  may  be  meastu^d  by  any  ther- 
mometric  method,  and  the  following  are  in  use:  Expansion,  calori- 
metry,  change  of  electric  resistance,  and  thermoelectric  effect. 

Observation  of  the  heat  production  in  a  simple  single  wire  is 
by  no  means  a  complete  solution  of  the  high-frequency  ammeter 
problem.    Consider  the  equation : 

H^RI\  (i) 

in  which  H  is  the  rate  of  heat  production,  R  is  the  resistance,  and 
/  is  the  effective  current.  The  indicated  current  in  any  thermal 
ammeter  depends  upon  H.  It  is  well  known  that  the  resistance 
of  any  conductor  increases  as  the  frequency  of  the  current  increases, 
hence  in  general  the  indicated  current  will  vary  with  frequency. 
For  this  change  to  be  negligible,  the  conductor  must  be  of  smaller 
and  smaller  cross  section  as  the  frequency  is  increased.  For  the 
frequencies  tmder  consideration,  this  error  will  be  greater  than  i 
per  cent  unless  the  diameter  of  the  wire  is  less  than  a  few  tenths 
of  a  millimeter.    Still  there  is  nothing  serious  about  this  if  only 

^  J.  A.  Plcmins:  "The  ininciplet  dL  electric  wave  telecnEthy,"  p.  aoz;  1910.    O.  W.  Pierce:  PhyB.  Rev. 
10,  p.  «a6;  X905. 
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small  currents  are  to  be  measured.  But  when  larger  currents 
than  about  3  amperes  bave  to  be  measured,  the  smgle  wire  will 
not  suffice;  the  wire  must  be  of  so  small  a  diameter  that  its 
resistance  is  not  changed  by  frequency,  but  then  the  large  currents 
will  overheat  it,  i.  e.,  alter  its  properties.  To  measure  large  high- 
frequency  currents,  therefore,  the  current  must  have  more  than 
one  path,  and  it  is  common  to  use  (a),  wires  in  parallel,  (6),  dif- 
ferent portions  of  the  same  wire  in  parallel,  or,  (c),  broad,  thin 
strips  of  metal* 

It  is  a  common  dictum  that  ammeters  used  in  measuring 
currents  of  even  moderately  low  frequency  must  not  be  shunted. 
This  is  obvious  from  consideration  of  the  expression  relating 
the  current  I^  in  the  instrument  and  /,  in  the  shunt,  neglecting 
mutual  inductance, 

mice  usually  the  inductances  of  the  instrument  and  the  shunt 
are  in  a  different  ratio  from  that  of  the  resistances,  and  hence 
the  distribution  of  the  current  varies  with  frequency.     In  fact, 

r      J? 
even  if  7^—^,  the  current  distribution  in  an  actual  case  is  likely 

to  vary  with  frequency  because  of  the  mutual  inductance.  Now, 
any  high-frequency  ammeter  in  which  the  circuit  within  the 
ammeter  itself  consists  of  more  than  a  single  elementary  fila- 
ment— or  its  closest  approximation,  a  fine  wire — ^in  reality  involves 
sljunting,  and  needs  most  careful  consideration  before  it  can  be 
pronotmced  free  from  error.  When  the  indicated  current  depends 
on  the  heat  production  in  just  one  branch  of  such  an  instrument 
the  error  due  to  change  of  cturent  distribution  on  high  frequencies 
may  be  very  great.  When  the  indicated  current  depends  on  the 
heat  production  of  the  whole  current,  the  error  will  be  of  a  smaller 
order  of  magnitude,  but  may  be  appreciable  when  the  change  of 
current  distribution  is  great,  inasmuch  as  the  total  heat  produc- 
tion in  any  system  increases  as  the  distribution  on  direct  current 
is  departed  from.  The  increase  of  total  heat  production  is  equiva- 
lent to  an  increase  of  i?,  the  resistance  of  the  system  as  a  whole, 
in  equation  (i). 

It  has  been  known  for  some  time  that  most  of  the  ammeters 
in  common  use  for  measuring  lai^e  high-frequency  currents  are 
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subject  to  large  errors.  Users  of  the  ammeters  have  put  a  num- 
ber of  them  in  series  in  high-frequency  circuits  and  have  been 
puzzled  at  the  divergence  of  their  readings.  Various  sources 
of  error  have  been  suspected,  namely,  change  of  current  distri- 
bution, resistance  change,  eddy  cturents,  capacity,  and  inductive 
action  from  other  portions  of  the  circuit.  It  was  the  ptu:}X)se 
of  this  investigation  to  sift  out  these  possible  errors  and  to  deter- 
mine the  magnitudes  of  the  efiPects  that  need  to  be  considered 
in  high-frequency  current  measurement.  This  has  involved  a 
critical  study,  experimental  and  theoretical,  of  typical  ammeters 
at  various  frequencies.  The  investigation  includes  more  than 
what  is  usually  connoted  by  the  term  "hot-wire"  ammeter,  viz, 
the  commercial  expansion  instrtunent.  It  includes  all  the  instru- 
ments whose  indications  depend  on  the  thermal  effect  of  the 
ciurent,  some  of  which  are  capable  of  high  precision. 

2.  HEED  FOR  THIS  WORK 

There  is  great  practical  necessity  for  reliable  ammeters  in 
high-frequency  work.  A  hot-wire  ammeter  is  fQtmd  in  every 
radio  station,  and  in  some  stations  high-frequency  currents  of 
300  amperes  are  used.  The  Government  inspectors  charged 
with  enforcing  the  laws  regulating  power  radiation  must  have 
portable  ammeters  upon  which  they  can  rely.  The  measurement 
of  current  is  far  more  of  a  cardinal  operation  at  high  frequency 
than  on  direct  ciurent,  for  there  is  no  potentiometer  for  precise 
measurement  of  high-frequency  electromotive  force  and  no 
Wheatstone  bridge  for  precise  meastu'ement  of  high-frequency 
resistance.  The  design  of  resistances  to  carry  large  high-freqeuncy 
cturents  involves  the  same  principles  as  the  design  of  the  circuits 
in  ammeters.  In  the  present  state  of  high-frequency  measure- 
ments great  accuracy  is  not  required,  but  it  is  at  least  desired 
to  have  current  meastu'ement  correct  to  i  per  cent. 

3.  PLAN  OF  TREATMENT 

The  apparatus  used  and  the  experimental  procedure  wiU  first 
be  described,  and  then  the  three  main  types  of  ammeter  will 
be  treated  in  order  without  reference  to  experimental  details. 
The  means  of  measuring  the  heat  production  in  the  ammeter  is  a 
thermometric  problem,  affecting  the  precision  and  not  necessarily 
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the  accuracy  of  the  instruinent;  this  investigation  deals  primarily 
with  the  electrical  problem,  or  the  form  of  the  circuit  within 
the  ammeter.  The  experimental  results  obtained  will  be  pre- 
sented along  with  the  theoretical  discussion  of  each  type.  This 
is  done  because  the  main  interest  of  the  work  lies  not  in  the  par- 
ticular results  here  obtained,  but  in  their  illustration  of  the  prin- 
ciples which  govern  the  performance  of  high-frequency  ammeters. 

n.  EXPERIMENTAL  PROCEDURE 

The  general  method  of  experiment  was  to  observe  simultaneously 
the  thermal  effects  in  the  ammeter  under  test  and  in  an  ammeter 
which  cotdd  be  considered  standard,  the  two  being  in  series,  using 
alternately  high-frequency  and  low-frequency  current.  Any  low 
frequency  was  equivalent  to  direct  current,  because  the  effects 
under  investigation  became  appreciable  only  at  very  high  fre- 
quencies, as  will  be  shown. 

1.  CIRCUITS 

The  high-frequency  ciurent  was  produced  by  the  oscillatory 
discharge   of  condeiisers;  and   the   low-frequency   current  was 


Fig.  1. — Diagram  of  apparatus 

obtained  from  an  ordinary  generator.  The  condensers  were  of 
the  Leyden  jar  type,  and  the  inductances  were  the  open-coil  type 
used  in  radiotelegraphic  work.  A  diagram  of  the  apparatus  is 
given  in  Fig.  i.  A  is  an  induction  coil,  supplied  with  6o-cycle 
alternating  current;  it  is,  in  other  words,  a  transformer  for  high 
voltages.    The  spark  gap  was  either  a  rotating  gap  giving  about 
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500  sparks  per  second,  or  a  stationary  gap  with  an  air  blast,  usix^ 
as  electrodes  small  tungsten  disks  secured  in  copper  and  aluminum 
disks  which  helped  to  dissipate  the  heaL  Both  forms  of  spark 
gap  gave  suflSdently  constant  current.  In  Pig.  i,  B  is  a  double- 
throw  switch,  enabling  either  the  hi{^-frequency  or  low-frequency 
source  of  current  to  be  connected  to  the  ammeters  X  and  N,  one 
of  which  was  under  test  and  the  other  was  the  standard. 

Experimenters '  upon  high-frequency  resistances  have  used  what 
purported  to  be  a  null  method  by  balancing  the  thermal  effect  of 
X  against  the  thermal  effect  in  a  similar  auxiliary  specimen,  X', 
carrying  direct  current.  This  additional  experimental  compli- 
cation did  not  seem  worth  while  in  these  experiments,  since  the 
observations  in  any  case  depend  on  a  deflection,  that  of  N.  (To 
be  sure,  it  coukl  be  made  more  nearly  a  null  method  by  balancing 
the  thermal  effect  of  N  also  against  an  N^  canying  direct  current, 
but  this  would  involve  still  further  experimental  complication.) 
In  addition,  the  thermal  effect  of  X  in  some  cases  can  not  be 
readily  balanced,  e.  g.,  in  an  expansion  t3rpe  commercial  hot-wire 
ammeter. 

A  secondary  circuit  (L,,  C,)  was  used  because  it  is  in  similar 
secondary  circuits  that  high-frequency  current  is  usually  meas- 
ured. The  frequency  was  measured  by  means  of  a  wavemeter 
brought  near  the  secondary  circuit.  The  frequencies  used  were 
from  100  000  to  I  500  000,  because  this  is  the  range  of  frequencies 
in  radiotelegraphy ;  and  ftuthermore,  because  it  was  found  that 
the  large  and  interesting  changes  of  current  distribution  occur  in 
this  range,  owing  to  the  inductance  becoming  a  determining  factor 
in  the  impedance.  It  was  found  impracticable  to  go  to  higher 
frequencies,  because  at  i  500  000  capacity  effects  began  to  be 
appreciable;  part  of  the  current  went  through  the  dielectric 
instead  of  through  the  wire,  so  that  two  instruments  in  series  did 
not  carry  the  same  current.  The  experiments  on  this  point  are 
given  below. 

2.  STANDARD  mSTRUMSNTS 

In  considering  the  ammeters  herein  investigated,  it  must  be 
borne  in  mind  that  the  requirements  are  very  different  from  those 
in  the  measurement  of  small  currents,  in  which  sensibility  is  the 

*  J.  A.  Fleming:  Blectrician,  M,  p.  j8x:  1909.    H.  W.  Bdwftfds:  Phys.  Rev..  IS,  p.  184;  191Z. 
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desideratum.  In  an  instrument  for  measuring  very  lai^e  currents 
the  problem  is,  on  the  other  hand,  to  dissipate  the  heat  produced. 
The  measurement  of  the  heat  production  presents  little  diflSculty, 
and  in  the  instruments  investigated  the  thermometric  methods 
employed  were  expansion,  electric  resistance,  and  thermoelectric 
efifect.  The  expansion  of  the  hot  wire  or  strip  was  utilized  in  the 
commerdid  ammeters.  The  electric  resistance  of  the  hot  wire 
or  strip  can  be  conveniently  utilized  only  in  a  particular  form  of 
instrument,  as  will  be  shown.  The  thermoelectric  effect  was 
advantageously  employed  to  measure  the  current  distribution 
among  the  parts  of  experimental  ammeters. 

For  currents  up  to  about  2  amperes  a  single  fine  wire  served 
as  the  circuit  of  a  standard  instrument.  The  wire  had  to  be 
fine  enough  so  that  its  resistance  was  the  same  at  the  high  fre- 
quencies as  at  very  low  frequencies.    The  work  proceeds  on  the 
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Fig.  2. — Standard  histrummtt  of  am  win 


assumption  that  such  an  instrument  is  correct  at  all  frequencies. 
Two  such  instruments,  one  having  a  copper  wire  and  the  other 
a  Eureka*  wire,  were  compared  and  found  to  agree  at  all  fre- 
quencies; this,  together  with  the  consistency  of  the  results 
obtained  throughout  the  work,  and  the  quantitative  agreement 
of  the  effects  experimentally  obtained  with  the  theoretical  cal- 
culations, furnish  the  justification  of  the  assumption.  A  one- 
wire  instrument,  using  a  thermocouple  to  measure  the  heat  pro- 
duction, is  shown  in  Pig.  2.  A  is  the  fine  wire  which  constitutes 
the  essential  part  of  the  instrument.  It  is  soldered  to  vertical 
capper  rods,  mounted  on  a  wooden  or  hard-rubber  base.  The 
cturent  enters  the  "hot  wire"  A  through  these  vertical  rods  at 
right  angles  to  it.  A  copper  Eureka  thermocouple  is  hard  soldered 
to  the  middle  point  of  A  and  connected  to  the  binding  posts  and 

*  Burdca,  "Advance/'  *'!•  la."  ud  fontfantan,  all  have  piactioalljr  the  mne  snopettics. 
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thence  to  a  galvanometer.  A  cover  over  the  whole  instrument 
protected  the  hot  wire  and  the  thermocouple  wires  from  air 
currents. 

For  the  measurement  of  relatively  small  currents  such  an 
instrument  was  used  in  which  A  was  a  Eureka  wire  0.05  mm  in 
diameter.  It  was  suitable  for  the  measurement  of  current  up 
to  about  0.3  ampere,  at  which  the  temperature  of  A  was  about 
75°  C  and  the  emf  in  the  thermocouple  circuit  was  about  3  milli- 
volts. In  a  Etueka  wire  of  that  size  the  increase  of  resistance 
for  a  frequency  of  i  000  000  over  the  direct-current  resistance  is 
readily  shown  by  Kelvin's  formula^  to  be  exceedingly  small, 
less  than  o.ooi  per  cent. 

For  the  measurement  of  currents  up  to  1.2  amperes  a  similar 
instruments  was  used  in  which  the  wire  A  was  copper,  0.08  mm 
in  diameter.  Because  of  its  lower  resistivity  it  could  carry  more 
current  than  the  Eureka  wire  for  a  given  amount  of  heating,  but 
its  change  of  resistance  with  frequency  is  greater.  However, 
the  increment  ^  of  resistance  at  a  frequency  of  i  000  000  is  found 
to  be  less  than  0.3  per  cent. 

To  measure  currents  greater  than  1.2  amperes,  up  to  10  amperes, 
a  two-wire  instrument  was  used  as  standard.  As  wiU  be  shown 
theoretically  in  Section  III  and  experimentally  in  the  fourth  para- 
graph below,  two  wires  in  parallel  constitute  as  valid  an  instru- 
ment as  one  wire,  provided  the  two  wires  are  exactly  similar  in 
length,  cross  section,  resistance,  and  configuration,  and  are  fine 
enough  not  to  change  in  resistance  with  the  frequency.  A  system 
of  more  than  two  wires  in  parallel,  however,  is  likely  to  be  in 
error  at  high  frequencies.  Even  in  the  case  of  two  wires  there 
is  difficulty  because  of  the  requirement  of  exact  similarity  of 
the  two  wires.  Wires  of  very  small  diameter  vary  considerably 
in  cross  section  and  hardness,  and  hence  two  wires  which  have 
apparently  the  same  dimensions  and  consequently  the  same 
self-inductances  may  have  resistances  several  per  cent  different. 
This  is  a  most  insidious  source  of  error  and  is  found  to  affect  a 
ntunber  of  the  instruments  investigated  in  this  paper.  Because 
of  this  possible  difference  of  resistance  the  current  distribution 
in  the  two-wire  instnunent  is  likely  to  vary  with  the  frequency, 

*  Kcfvin:  Math,  •ad  Fhys.  Fapen,  vol.  5,  p.  401;  1889.    Bull.  Bur.  Standards,  8,  p.  174;  191Z. 


DtOm§8r\ 


High-Frequency  Ammeters 


99 


and  hence  the  indications  of  a  thermocouple  on  one  of  the  wires 
would  not  give  true  current  values.  If,  however,  the  heat  pro- 
duction in  the  whole  instrument  be  measured,  instead  of  the 
heat  production  in  one  wire  only,  the  instrument  is  practically 
free  from  error;  since,  as  will  be  shown  in  Section  IV,  the  change 
of  current  distribution  is  a  first-order  change,  while  the  change  of 
the  total  heat  production  is  a  second-order  change. 

The  total  heat  production  in  the  two-wire  instrument  is  readily 
measured  by  the  rise  of  its  electrical  resistance  when  heated  by 
the  i>assage  of  current.  An  instrument  on  this  plan  was  made 
as  follows:  Four  uprights,  bearing  copper  lead  wires,  were  set 
in  a  wooden  base  at  the  comers  of  a  rhombus  about  lo  cm  on 
a  side.  At  points  about  3  cm  above  the  base  a  fine  copper  wire 
was  soldered  as  shown.    The  heating  current  was  introduced 


F!g.  3. — Standard  instrument  of  tivo  wires 

by  one  pair  of  leads,  say  L  and  M,  and  the  resistance  was  meas- 
ured between  X  and  Y,  these  points  being  connected  to  a  Wheat- 
stone  bridge.  The  fine  copper  wire  was  o.  i  mm  in  diameter.  With 
this  it  was  found  possible  to  measure  currents  up  to  10  amperes 
by  placing  the  instrument  in  oil.  This  method  of  measuring 
alternating  currents  is  due  to  Paalzow  and  Rubens,^  and  is  some- 
times called  a  "bolometer-bridge"  method.  It  has  been  used* 
as  a  detector  of  very  small  currents  of  high  frequency,  making 
its  sensibility  very  high  by  putting  it  in  a  vacutun.  Here  current- 
carrying  ability  rather  than  sensibility  was  desired.  This  method 
as  a  means  of  meastuing  large  currents  of  high  frequency  is 
believed  to  be  novel. 

*  Wied.  Ann.,  87,  p.  539;  1889. 

*  Unot  (sec  Fteming:  "The  Principles  of  Electric  Wave  Tdegnphy/'  p.  200;  xgio.) 
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The  arrangement  for  measuring  the  resistance  of  the  device 
is  shown  diagrammatically  in  Fig.  4.  K  is  a  tapping  key  in  the 
battery  circuit.  A  closed  galvanometer  circuit  was  used,  thus 
eliminating  errors  of  false  zero.  G  is  a  sensitive  moving-coil 
galvanometer.  Its  sensitivity  was  such  as  to  permit  the  400ohm 
bridge  arm  to  be  adjusted  closer  than  the  limit  of  precision  set  by 
the  fluctuations  of  the  high-frequency  current.  The  current 
through  the  standard,  X  Y  L  M,  from  the  bridge  battery  was  of 
the  order  of  0.01  of  the  heating  cturent,  and  therefore  quite  n^li- 
gible.  It  was  not  found  convenient  to  calibrate  this  standard  on 
direct  current,  although  it  is  theoretically  possible  to  do  so.    For 


A.C. 
Fig.  4. — Apparatus  auxiliary  to  tha  two-win  standard 

a  heating  current  entering  at  L  and  M,  X  and  Y  need  to  be  80 
adjusted  as  to  be  equipotential  points;  then  no  portion  of  the 
heating  current  flows  in  the  bridge  used  to  measure  the  resistance. 
However,  it  is  difficult  to  make  this  adjustment  exactly,  and  it  is 
moreover  unnecessary,  as  a  calibration  by  low-frequency  alter- 
nating cturent  is  just  as  good  as  a  direct-current  calibration  for 
the  purposes  of  this  work.  Consequently,  the  points  X  and  Y 
were  simply  made  approximately  equipotential  pdbats,  but  not 
adjustable.  As  seen  in  Fig.  3,  the  four  leads  were  perpendicular 
to  the  plane  of  the  hot  wire,  so  that  there  could  be  no  inductive 
effects  between  the  leads  and  the  hot  wire.    Some  light  on  the 
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possibility  of  inductive  dissimilarities  at  high  frequency  could  be 
obtained  by  interchanging  the  heating  current  from  the  terminals 
L  and  M  to  the  terminals  X  and  Y.  This  was  done  at  the  highest 
frequency  for  which  the  instrument  was  used,  750000,  and  no 
differences  could  be  detected  in  the  results. 

Measurement  of  electric  resistance  of  the  heated  system  is  a 
thermometric  method  peculiarly  applicable  to  the  two-wire 
instrument.  It  is  readily  seen  that  it  can  not  be  conveniently 
used  for  systems  of  other  numbers  of  wires,  because  of  the  necessity 
of  keeping  the  high-frequency  current  out  of  the  bridge  used  to 
measure  the  resistance. 

There  is  plenty  of  evidence  among  the  results  of  this  investiga- 
tion that  the  thermometric  methods  used  for  measuring  the  heat 
production  do  not  affect  the  behavior  of  the  instruments  with 
change  of  frequency.  If  certain  electrical  conditions  are  satisfied, 
two  instruments  agree  as  well  at  one  frequency  as  another.  For 
example,  the  two-wire  resistance  instrument  just  described  was 
compared  with  a  one-wire  instrument  in  which  the  indications 
were  produced  by  the  expansion  of  the  hot  wire,  at  a  very  low 
frequency  (equivalent  to  direct  current) ,  at  300  000  and  at  750  000. 
As  shown  by  the  plotted  results,  Fig.  5,  the  two  instnunents  agree 
throughout.  Thus,  an  answer  is  obtained  to  any  possible  objection 
to  the  resistance  instrument  arising  from  questionable  constancy 
of  the  resistance-temperature  coefBdent  of  a  wire  carrying  oscil- 
lating currents  of  high  frequency  (the  electrons  reversing  their 
direction  of  drift  with  great  rapidity) . 

3.  TAKING  THB  OBSERVATIONS 

In  comparing  any  two  ammeters  the  experimental  procedure 
was  to  pass  high-frequency  cmrent  through  the  two  in  series  for  a 
certain  length  of  time,  usually  one  minute,  recording  the  deflections, 
then  quickly  to  throw  the  switch  (Fig.  i)  from  high  frequency  to 
low  frequency,  and  allow  an  approximately  equal  low-frequency 
current  to  flow  one  minute,  recording  the  deflections;  then  high 
frequency  again,  then  low  frequency  again,  and  finally  high  fre- 
quency again.  Thus,  three  high-frequency  observations  were 
obtained,  with  two  low-frequency  observations  sandwiched 
between  them.    This  method  of  alternating  the  observations. 
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with  the  ctirrents  run  successively  for  equal  intervals  of  time, 
eliminated  any  errors  due  to  thermal  or  other  drifts.  A  sample 
set  of  observations  is  given  in  Table  i;  the  deflections  for  the 
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AMPERES  (AS  GIVEN  BY  TWCWIRE  RESISTANCE  INSTRUMENT.) 

Rg.  5. — Comparison  of  two  standard  instruments 

**  three-wire  instrument "  being  those  of  a  suspended-coil  galvanom- 
eter, read  with  lamp  and  scale,  and  the  deflections  of  "Standard 
B"  being  those  of  a  sensitive  pointer-tjrpe  galvanometer;  the 
galvanometer  in  both  cases  meastuing  the  thermocouple  current. 
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Inqiiciicy 

T1ine-iHx»  imtmiiMBt 

StmdaniB 

1500000 

38.0 

3a4 

60 

39.1 

28.0 

1500000 

38.2 

3a4 

60 

39.1 

27.8 

1500000 
Men  1500000 

38.9 

31.2 

38.37 

3a  67 

Men  60 

39.10 

27.90 

In  some  cases,  with  more  than  one  observer,  three  instruments 
in  series  were  simultaneously  observed.  Instead  of  estimating 
the  average  deflection  while  the  current  was  on,  each  observer 
took  the  instantaneous  deflection  and  recorded  it  as  many  times 
as  he  could  during  the  time.  The  mean  deflection  is  then  fotmd 
arithmetically  instead  of  mentally.  A  set  of  such  observations 
is  given  in  Table  2;  the  observations  given  under  "two- wire 
standard  "  are  the  resistances  in  the  variable  arm  of  the  measuring 
Wheatstone  bridge;  and  those  tmder  the  other  two  instruments 
are  the  currents  indicated  on  their  scales.  The  data  give  a  good 
idea  of  the  degree  of  constancy  of  the  current. 

The  calibrations  of  each  instrument  with  respect  to  a  standard 
instrument,  and  of  the  experimental  standards  with  respect  to  a 
laboratory  standard  ammeter,  at  a  low  frequency,  were  plotted. 
By  interpolation  from  these  curves,  and  from  the  means  obtained 
from  any  set  of  observations,  as  at  the  end  of  Table  2,  the  high- 
frequency  deflections  of  the  instruments  tmder  test  corresponding 
to  the  low-frequency  deflections,  for  equal  current  in  the  standard 
instrument,  are  obtained.    The  results  may  be  plotted  as  per- 

/ 
formance  curves,  or  they  give  at  once  jj^  ,  the  ratio  of  the  current 

indicated  at  high  frequency  to  the  current  indicated  at  low  frequency 
or  direct  current,  with  the  same  total  current  in  the  circuit. 
Suppose  the  instrument  tmder  test  is  one  composed  of  several 
wires  in  parallel  with  a  thermocouple  on  the  wire  a.    Suppose 
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TABLE  2 


TmpuniBf 

Two^win  t/tn&uA 

"UiisinnilBd  "  nmnflCsr 

99a6 

+ao3 

-a  03 

461.2 

6.48 

0.15 

46a5 

&49 

0.14 

2700 

46a  0 

6.43 

6.10 

6.45 
6.46 

6.  IS 

Mean      46a  6 

6.14 

459.4 

a58 

8.85 

457.7 

aoo 

8.80 

457.2 

&50 

8.80 

750000 

6.58 
6.50 

6.55 

8.7S 

M«an     458. 4 

8.80 

46a9 

a48 

6.  IS 

46a3 

6.49 

&14 

2700 

46a3 

6.46 

&15 

460.0 

a49 

6.15 

* 

46a2 

6.48 
6.48 

6.18 

Mem     46a  3 

6.15 

458.0 

a  41 

8.80 

457.0 

6.55 

8.75 

457.0 

a  52 

&7S 

750000 

457.3 

6.53 

8.70 

6.55 

8.80 

Mem     457. 3 

6.51 

8.76 

46a3 

6.48 

6.18 

459.8 

6.52 

6.18 

459.8 

6.48 

6.18 

2700 

6.50 
6.50 
6.57 

6.20 

6.19 

Matn     459.9 

6.50 

6.19 

3».0 

+ao5 

-a  01 

Mettl2700 

46a  27 

6.48 

6.16 

MMn  750000 

457.85 

6.53 

8.78 
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that  the  per  cent  change,  k,  of  current  in  the  wire  a  can  be  calcu- 
lated for  any  desired  frequency  from  the  inductances,  etc.,  as  im 
Section  III  below.  Then,  using  h  for  the  current  in  the  wire  a, 
and  /  for  the  whole  current  in  the  circuit,  and  the  subscripto  to 
denote  direct-current  or  low-frequency  values,  the  theoretically 
predicted  relation  is 


la       (Ia)o. 


I     (Do 

For  the  same  total  current  on  high  frequency  as  on  low  frequency, 
i.  e.,  tor  I^{I)o, 

Now,  coming  to  the  experimental  performance  of  the  instrument, 
the  indicating  device  is  such  that 

Indicated  /  »  constant  X  /«  (3) 

or,  Indicated/        h 

(Indicated  /)o  '^  (Ia)o 

which,  by  equation  (2),  =- 1  +ife.     That  is, 

Indicated  I  —  (Indicated  /)o     ,  ^  v 

(Indicated /)o  "  ^*^ 

Computation  from  the  experimental  results  is  made  according 
to  equation  (4),  thus  obtaining  by  experiment  a  quantity  also 
theoretically  calctdable.  This  reasoning  is  subject  to  the  limita- 
tion that  equation  (3)  may  not  be  exactly  fulfilled  when  the  cur- 
rent distribution  changes  and  the  wires  are  not  all  at  the  same 
temperature.  Thus  the  wire  in  which  the  cturent  is  measured 
may  be  influenced  by  convection  and  radiation  from  its  neigh- 
bors; this  will  always  tend  to  equalize  the  temperatures  and 
reduce  the  apparent  change  of  current  distribution.  The  e£fect 
of  convection  is  more  variable  when  the  measurement  is  made 
thermoelectrically,  being  detenmned  by  the  temperature  at  a 
single  point,  than  in  other  methods,  such  as  the  expansion  of  the 
wire,  in  which  the  temperature  throughout  the  length  of  the  wire 
is  integrated.  Calculation  of  the  change  of  incUcated  cturent 
with  frequency,  as  made  according  to  equation  (4),  is  such  as 
to  insure  correct  relationships  of  the  curves  at  different  fre- 
quencies, independent  of  temporary  changes  of  calibration  such 
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as  might  arise,  e.  g.,  from  temperature  change.  Thus,  the  direct- 
current  calibration  points  before  and  after  high-frequency  obser- 
vations may  not  lie  exactly  on  the  same  curve;  but  the  change 
of  calibration  does  not  affect  interpretation  of  the  curves,  for  the 
high-frequency  points  are  plotted  at  the  correct  distances  from 
the  direct-current  curve  as  drawn.  The  relation  of  indicated 
high-frequency  cturent  to  the  actual  current  flowing  is  not  the 
important  thing,  but  rather  the  relation  of  indicated  high-frequency 
current  to  indicated  direct-current  or  low-frequency  cturent  for 
equal  total  cturent  in  the  circuit. 

4.  SOURCES  OF  ERROR 

<•)  ACCmSNTAL  ERRORS 

The  precision  of  an  observation  in  general  was  0.5  per  cent  of 
the  current  meastu'ed,  and  the  precision  of  a  mean  of  several 
observations  was  about  0.2  per  cent  or  0.3  per  cent.  The  chief 
sotu'ce  of  accidental  error  was  the  lack  of  constancy  of  the  high- 
frequency  current,  together  with  the  different  lag  constants  of 
the  two  galvanometers.  In  the  strip  instruments  described  later, 
the  thermal  lag  of  the  strips  themselves  was  appreciable,  and  in 
one  case  was  greater  than  the  mechanical  lag  of  the  galvanometer 
used  on  the  standard  instnunent.  A  necessary  precaution  in  the 
observations  was  to  shield  each  galvanometer  by  connecting  one 
of  its  binding  posts  to  its  case.  Before  this  was  done,  irregular 
leakage  of  direct  currents  from  lighting  circuits  was  the  cause  of 
peculiar  and  puzzling  results.  A  few  possible  sources  of  constant 
error  in  the  observations  will  now  be  treated. 

(b)  SDDT  CURRSNTS 

It  has  been  suspected  that  eddy  currents  in  neighboring  con- 
ductors might  affect  the  readings  of  hot-wire  ammeters.  This  was 
investigated  by  greatly  exaggerating  the  conditions  that  might 
occur  in  practice.  A  copper  sheet  2  mm  thick  and  about  6  cm 
square  was  placed  very  close  to  one  of  the  wires  of  the  two-wire 
standard  instrument,  which  was  in  series  with  two  other  instru- 
ments. At  a  frequency  of  750  000,  the  presence  of  the  sheet  made 
no  perceptible  difference  in  the  currents  indicated.  The  same 
thing  was  tried  with  an  iron  sheet  with  the  same  result.    The 
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absence  of  eddy  current  efifect  upon  high-frequency  ammeters  is 
also  confirmed  by  the  experience  of  a  commercial  manufacturer  of 
instruments;^  the  confidence  of  the  company  in  respect  to  this 
point  being  so  great  Chat  they  inclose  their  best  high-frequency 
ammeter  in  an  iron  case. 

(e)  nCDUCTIVB  BFTBCT  OF  LBADS^  XTa 

It  is  very  reasonable  to  suppose  that  outside  parts  of  a  circtiit, 
particularly  the  leads,  might  inductively  affect  an  ammeter  at 
high  frequency.  The  effect  of  distant  portions  of  the  circuit  was 
tested  by  changing  the  orientation  of  instruments  by  180^,  and 
also  by  moving  the  instruments  into  different  positions  at  dis- 
tances 15  to  80  cm  from  the  secondary  circuit  inductance  coil. 
No  changes  in  reading  were  noticeable.  It  was  otherwise  with 
the  leads,  however.  In  the  cases  tried,  the  readings  were  not 
affected  by  the  presence  of  the  leads  when  extending  straight 


a 
F 


a^ 


Y" 


Fig.  6. — Expgriitupif  upon  proximity  of  lead  win 

out  from  the  binding  posts  to  some  distance,  as  they  would 
usually  be  connected.  But  when  a  lead  was  turned  and  nm  along 
the  side  of  an  instrument  which  consisted  of  more  than  a  single 
wire,  there  were  appreciable  changes.  These  were  very  evidently 
due  to  the  greater  mutual  inductance  of  the  lead  upon  the  parts 
of  the  ammeter  circuit  nearest  to  it  than  upon  the  more  remote 
parts.  The  changes  were  of  the  algebraic  sign  and  of  a  magnitude 
to  be  expected  from  experience  with  the  effects  described  in  later 
sections  of  this  paper.  For  example,  with  a  frequency  of  i  000  000, 
upon  placing  the  lead  wire  in  the  plane  of  and  parallel  to  the 
three-wire  instrument  of  Fig.  9  below,  about  5  cm  distant  from 
the  three  wires,  as  shown  in  Fig.  6,  the  current  in  the  wire  a' 
decreased  1.5  per  cent.  Upon  reversing  the  direction  of  the  lead, 
the  current  in  the  same  wire  increased  1.5  per  cent.    This  effect 

'R.  Hartnuum-Kempf:  Ekktrotech.  Zs..  tS.  p.  1134:  19x1.    G.  Bichhora:  Jahrbuch  d.  Dnihtl.  Tel..  5, 
^  5x7;  Z9». 
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could  be  strikingly  illustrated*  by  replacing  the  three-wire 
system  of  Pig.  6  by  a  vacuum  tube;  the  high-frequency  current 
would  visibly  crowd  to  the  side  of  tube  nearest  the  lead  when  the 
lead  was  directed  as  in  Pig.  6,  and  vice  versa.  Similar  results 
were  obtained  with  the  instrument  of  Pig.  19  below.  With  the 
lead  adjacent  and  parallel  to  the  long,  thick  copper  wire  ST  of 
this  instrument,  4  cm  distant  from  it,  with  the  current  in  the  two 
opposed,  the  current  in  the  right  section  of  the  instnunent  increased 
3  per  cent  at  a  frequency  of  500000.  These  eflFects  are  lai^ 
enough  to  suggest  the  need  for  caution  in  any  radiotelegraphic 
circuit,  particularly  when  the  ammeter  is  very  dose  to  other 
parts  of  the  circuit. 

(d)  LOW  FKXQUBlf  CT 

The  results  of  experiments  throughout  this  investigation  were 
found  not  to  depend  on  the  low  frequency  with  which  the  high- 
frequency  effects  were  compared.  Prequendes  of  60,  of  550, 
and  of  2700  cydes  were  used,  and  all  gave  consistent  results. 
Any  frequency  of  this  order  is  practically  equivalent  to  zero 
frequency  or  direct  current,  in  these  experiments,  because  the 
changes  of  current  distribution  in  the  instruments  here  used  only 
begin  at  frequencies  of  the  order  of  100  000. 

(e)  cAPAcrrr 

Electrostatic  capadty  was  found  to  affect  the  experiments  at 
the  highest  frequency  used,  i  500  000,  but  at  no  lower  frequency. 
The  effect  was  serious,  causing  two  ammeters  in  series  to  carry  differ- 
ent amounts  of  current;  but,  as  will  be  shown,  a  way  was  found 
to  eliminate  it.  There  was  no  indication  that  the  capadty  of 
the  high-frequency  circuit  itself  affected  matters.  The  observed 
result  was  found  to  be  due  rather  to  the  relativdy  large  capadty 
of  the  measuring  galvanometers  and  leads,  used  in  the  thermo- 
couple circuits  of  the  instruments.  This  effect  was  at  first  very 
puzzling.  Two  instnunents  whose  readings  agreed  at  all  lower 
frequencies  showed  an  unaccountable  difference  of  5  per  cent  in 
the  current  indicated  at  i  500000.  This  difference  was  con- 
sistently maintained  until  one  day  the  difference  was  fotmd  to 
have  changed  very  suddenly  from  +  5  per  cent  to  —  5  per  cent. 

*  J.  J.  Thomson:  "R«oent  Reaeardies,"  p.  5x1;  1893. 
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This  was  surprising,  and  the  source  of  trouble  was  sought  by  alter- 
ing various  connections  of  different  parts  of  the  circuit.  It  was 
found  that  the  effect  changed  sign  when  the  leads  a  and  b  to  the 
two  instruments  X  and  N,  in  Fig.  7,  were  interchanged.  That 
the  difference  was  due  to  an  actual  difference  in  the  current  flowing 
in  the  two  instruments  was  suggested  by  the  fact  that  if  the  ob- 
server touched  the  case  of  one  of  the  galvanometers,  a  continuous 
spark  passed,  and  the  deflections  of  the  galvanometers  changed, 
even  though  the  person  stood  on  insulating  blocks.  The  existence 
of  a  capacity  current  to  the  ground  was  thus  manifested.  The  ef- 
fects were  further  studied,  exaggerating  them  by  connecting  a  wire 
from  a  metal  pipe  lying  on  the  floor  to  various  parts  of  the  instru- 


Fig.  7. — Diagram  showings  path  0/ dielectric  current 

ments  and  their  circuit.  Current  left  the  circuit  and  flowed  along 
this  wire,  changing  the  deflections  of  the  instruments  by  amotmts 
depending  on  where  the  connection  was  made.  This  indicated 
strongly  that  the  observed  errors  were  due  to  part  of  the  current 
leaving  the  circuit  from  some  point  between  the  two  instruments, 
and  as  the  instruments  and  their  attached  galvanometers  were 
well  insulated  by  hard  rubber  blocks  it  appeared  to  be  a  capacity 
current. 

The  effect  is  explained  by  electrostatic  induction  of  current 
across  the  adjacent  ends  of  the  primary  and  secondary  inductance 
coils.  The  electrostatic  circuit  is  completed  through  the  instru- 
ments and  galvanometers,  thence  as  a  dielectric  current  to  the 
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wooden  table  T  T,  thence  partly  as  dielectric  and  partly  conduction 
current  to  the  slate  table  T'  T',  and  thence  as  a  dielectric  current 
to  the  outer  coating  of  the  Leyden  jar  Cj.  The  capacity  in  the  cir- 
cuit thus  completed  simply  acts  as  a  condenser  in  parallel  with 
the  Leyden  jar.  This  is  made  clearer  by  Fig.  8,  which  is  equivalent 
to  those  portions  of  Fig.  7  concerned  in  this  phenomenon.  The 
instantaneous  current  electrostatically  induct  seemed  to  be 
opposite  in  direction  to  that  electromagnetically  induced  in  the 
secondary  circuit,  so  as  to  reduce  the  whole  current  flowing  in- 
the  instruments.  The  current  in  the  instrument  to  which  the 
lead  b  (Fig.  7)  was  connected  was  less  than  the  current  in  the  other 
instrument,  because  part  of  this  dielectric  current  left  the  circuit 
through  the  galvanometer  of  the  former  and  so  never  reached  the 
latter.  The  theory  was  corroborated  by  interchanging  the  connec- 
tions of  the  coil  L2  in  Fig.  7.  Then  the. 
current  was  less  in  the  mstrument  to 
which  the  lead  a  was  connected,  as  ex- 
pected. 

If  this  explanation  were  valid,  it  was 
thought   that   it   might  be  possible  to 
LJ  U  U  LJ    eliminate  the  effects,  for  the  purposes  of 
''''''       ammeter  comparison,  by  shunting  the 
Fig.  8. — Thtortiicai  equivaknt  of  dielectric  current  around  the  ammeters 

^^'  in  some  way.     It  is  only  required  that 

the  currents  in  the  two  instrtunents  be  the  same,  regardless  of  the 
current  in  other  parts  of  the  circuit.  It  was  successfully  accom- 
plished by  connecting  a  wire  from  the  lead  b  (Fig.  7)  to  a  metal  plate 
under  the  primary  Leyden  jar  Cj ,  the  jar  standing  upon  hard-rubber 
blocks  on  the  plate.  This  provided  a  path  of  much  lower  impedance 
than  through  the  ammeters  and  tables.  When  this  device  was  used, 
the  cmrent  through  the  two  ammeters  was  the  same,  within  the 
limits  of  observational  error,  as  shown  by  interchangmg  the  leads  a 
and  b.  These  results  were  obtained  repeatedly  with  a  number 
of  different  pairs  of  instrtunents.  The  success  of  this  scheme  to 
shunt  the  dielectric  current  out  of  the  ammeters  is  strong  evidence 
for  the  explanation  postulated  for  the  observed  effects.  If  the 
trouble  had  been  caused  by  the  distributed  capacity  of  the  ammeter 
wires  themselves,  then  neither  this  scheme  nor  any  other  could 
make  the  current  in  the  two  ammeters  equal. 
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The  magnitude  of  the  observed  effects  is  f oiind  to  be  consistent 
with  calculation.  The  amounts  of  current  flowing  in  the  Leyden 
jar  and  in  the  complex  dielectric  path  are  proportional  to  the 
capacities  of  the  paths.  Since  the  current  in  the  complex  dielectric 
path  was  found  by  observation  to  be  5  per  cent  of  the  total  second- 
ary current,  asstuning  the  primary  current  roughly  to  be  the  same 
as  the  secondary ,  the  capacities  must  be  in  the  ratio  20  to  i.  Since 
the  capacity  of  the  Leyden  jar  Q  was  1500  micromicrofarads,  the 
capacity  of  the  complex  dielectric  path  was  therefore  about  75 
micromicrofarads.  This  is  an  exceedingly  small  capacity;  and 
IS  a  not  unreasonable  value  for  the  circuit  considered,  even  though 
the  three  capacities  x,  y,  and  z  are  in  series.  It  may  be  recalled, 
for  comparison,  that  the  capacity  of  an  isolated  sphere  equals 
its  radius  in  centimeters,  and  that  i  micromicrof arad — 0.9  cm. 
The  dimensions  of  the  parts  here  concerned  are  smaller  than  75  cm, 
but  on  the  other  hand  they  are  by  no  means  isolated.  The  reasons 
why  the  capacity  effects  were  not  appreciable  at  the  lower  fre- 
quencies were:  (a)  That  the  primary  and  secondary  coils  were 
separated  a  greater  distance,  and  hence  the  capacity  was  smaller; 
and  (b)  that  the  current  in  the  primary  circuit  was  relatively 
smaller,  for  there  was  visible  brush  discharge  from  the  primary 
Leyden  jar  at  i  500  000  and  in  no  other  case. 

The  capacity  effect  which  has  been  investigated  appears  to  have 
a  decided  bearing  upon  many  experiments  at  radiotelegraphic 
frequencies.  Similar  leakage  of  current  from  primary  *  to  second- 
ary circuits  is  familiar  in  practical  work.  It  can  be  eliminated  for 
the  purposes  of  certain  kinds  of  measurements,  as  shown  above. 

m.  THB  PARALLEL  WIRE  AMMETER 

The  first  typ^  of  ammeter  circuit  which  suggests  itself  for  carry- 
ing a  large  high-frequency  current  is  a  group  of  several  fine  wires 
in  parallel.  This  has  been  used  by  a  number  of  experimenters 
and  instrument  makers,  but  it  does  not  appear  that  its  limitations 
have  been  distinctly  pointed  out.  As  shown  below,  it  is  in  some 
cases  subject  to  most  serious  errors.  The  most  important  source 
of  eiTor  is  mutual  inductance  between  the  wires,  which  has 
usually  been  thought  negligible.    The  readings  of  the  instrument 

*  Skctilciaa,  iB,  pp.  1017, 1063;  19"* 
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depend  on  the  current  in  just  one  of  the  wires.  It  will  be  shown 
that  changes  in  the  distribution  of  current  among  the  wires  affect 
such  an  instrument  to  a  much  greater  pexcentage  amount  than 
the  percentage  change  of  resistance  of  the  system  as  a  whole. 

1.  HXUSTRATIVB  THRSB-WIRB  nfSTRUMElIT 

Let  us  consider  a  simple  case,  which  illustrates  the  essential 
features  of  this  type  of  instnunent.  Three  copper  wires,  each 
ID  cm  long  and  0.08  mm  in  diameter,  were  placed  parallel,  4.0 
mm  apart,  all  in  one  plane.  They  were  soldered  at  the  ends  to 
conductors  whose  resistance  or  impedance  could  be  neglected. 
The  leads  were  connected  to  the  ends  of  this  system  at  right 
angles  to  its  plane,  and  other  parts  of  the  circuit  were  some  dis- 


Flg.  9. — bistnanmtt  of  ^irwe  parallel  wins 

tance  away.  The  current  distribution  in  such  a  S3rstem  can  be 
calculated  for  any  frequency  and  can  also  be  experimentally  meas- 
ured by  the  methods  described  in  Section  II.  A  hard-soldered 
copper  Eureka  thermocouple  was  used,  which  could  be  soft- 
soldered  to  any  wire. 
Let  Rat  Rbf  iJof  =*  resistance  of  a,  b,  a\  respectively, 

L = self-inductance  of  any  one  wire, 

Mabf  Afaa'=* mutual  inductances, 

/  =»  length  of  wire  =  lo.o  cm, 

^= diameter  of  wire =0.008  cm, 

{{^distance  between  wires~o.4  cm. 
If  a  direct  current  be  passed  through  the  system,  each  wire 
carries  one-third  of  the  whole  current,  provided  the  wires  all  have 
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exactly  the  same  resistance.  If,  however,  a  current  of  high 
frequency  be  passed  through  the  system,  the  two  outer  wires 
each  carry  more  than  one-third  of  the  current  and  the  middle 
wire  less  than  one-third.  This  may  be  understood  in  a  qualitative 
way  from  the  well-known  tendency  of  a  high-frequency  current 
to  crowd  toward  the  outer  portions  of  a  conductor  as  the  fre- 
quency is  raised.     It  is  obtained  quantitatively  by  considering 

I  the  impedances  of  the  system. 

'  In  the  first  place,  the  wires  are  so  fine  that  the  current  distri- 

bution within  the  individual  wire  is  not  altered.    The  self  and 

I  mutual  inductances  of  the  wires,  neglecting  bending  of  the  cur- 

rent at  the  ends,  may  be  calculated  by  well-known  expressions,^ 
and  by  the  mode  of  connection  assumed,  no  inductive  action  of 
other  parts  of  the  circuit  need  be  considered.  The  frequencies 
dealt  with  are  not  so  great  but  that  for  these  small  circuits  the 
magnetic  field  may  be  considered  as  established  instantaneously. 
The  self-inductance  of  a  single  straight  wire  is  given  by  the 
expression  : 

L  -  2/f  log  ^  -  0.75  j  (5) 

For  wires  of  such  small  diameter  the  high-frequency  and  low- 
frequency  inductance  are  not  appreciably  di£Ferent.  The  mutual 
inductance  of  two  parallel  wires  when  8  is  small  and  /  is  large  in 
comparison  with  d, 

M-2/(log^'«i+^  (6) 

In  the  present  case  we  find: 

L-20.  (8.51 -0.75) -155.  cm 

Afa6  -  Af a-6  -  20  .  (3.9I  -O.96)  -  59.  Cm 

Aftt^=»2o  .  (3.22  —0.92)  —46.  cm 

The  calculations  may  be  most  easily  understood  by  first  con- 
sidering frequencies  so  great  that  the  resistance  is  small  in 
comparison  with  the  reactance.  Expressions  for  the  current 
distribution  will  be  obtained  by  neglecting  the  resistance.  Calling 
€  the  electromotive  force  between  the  two  ends  of  the  system, 

**  Rom  Mid  Gnvvcr:  Thic  Bttlktin,  8,  pf>.  150*  174;  t9ii« 
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and  »s,  t»,  Respectively,  the  instantaneous  currents  in  a  and  b, 
and  /«,  /k  the  effective  values  of  current, 


It  is  obvious  that  ta^^c  since  Af 06=^0,5. 
Integrating  (7),  there  results  at  once: 

QL^-Maa^Ia  -^-MajJh  ^LIj,  +  2M^Ja  (8) 

or,  (L+M^-2Ma6)/a=(L-Ma5)/6  (q) 

J,  L-Ma»  155' -59-       ^^  J 

/ft     L-^-Maa-^Mab     155- +46.  "  1 18. 

Denoting  by  /  the  whole  current  flowing, 

/  =  2/a+/ft,  or  2+^=7' 


55 


In        I 


a 


Now,  for  very  low  frequencies  or  direct  current,  which  will  be 

(I )      R 
denoted  by  the  subscript  o,  rr^  =*  d*.  and  2 (/Jo  +  (^»)o  =  (/)o»  so 

that 

2+^--^  (10) 

For    1=^(1)0,    i.    e.,    the    same    total    current    in    the    circuit, 

I             R  I  % 

774-  = jr^.     If  Ra=/?ft,  this  ratio  becomes  77—- = — ^,    the 

/  '  "*"/ 

numerical  magnitude  of  which  here»  i«047. 
Similarly, 

1+2^ 

/ft  /?a 


(/Jo      j^^/a 

/ft 

the  numerical  magnitude  of  which  here =0.906. 
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These  are  the  limiting  values  of  the  cturents  for  very  high  fre- 
quencies, i.  e.y  for  any  frequency  so  high  that  the  resistances  are 
negligible  in  comparison  with  the  reactances.  It  is  shown  below, 
both  experimentally  and  theoretically,  that  this  condition  is 
pretty  closely  approached  at  a  frequency  of  i  500  000.  If  the 
temperature  of  one  of  the  wires  be  meastired  by  a  thermocouple 
or  expansion  indicator  or  other  thermometric  device,  the  cur- 
rent indicated  on  low  frequency  would  be  exactly  one-third  the 
whole  current  flowing  if  the  resistances  of  all  three  wires  were 
exactly  equal;  and  at  any  frequency  higher  than  i  500000  or 
so  the  current  indicated  would  be  9.4  per  cent  lower  if  the  middle 
wire  be  used  and  4.7  per  cent  higher  if  either  outside  wire  be  used. 

For  a  system  consisting  of  two  parallel  wires  instead  of  three, 
a  consideration  of  equations  similar  to  (7)  above  and  (11)  below 
shows  at  once  that  each  carries  the  same  current  at  all  frequencies, 
provided  the  two  wires  are  exactly  similar.  The  advantages 
and  limitations  of  a  two-wire  system  have  been  treated  in  Sec- 
tion II. 

The  cmrent  distribution  in  the  three-wire  system  will  now  be 
calculated  for  frequencies  such  that  the  resistance  can  not  be 
n^lected.    The  potential  difference  between  the  ends  is: 


Raia+L^-^MaJ^-if+M, 

(II) 


By  symmetry,  t<r=-tai  if  Ra^^arl  hi  any  case  tmderstand  by  ia 
the  mean  instantaneous  current  in  a  and  a\  and  by  R^  the  mean 
resistance  of  a  and  a\    Since  at  every  instant,  ai^+ift^the  total 

instantaneous  current,  i, 

H=-i  — 2io  (12) 

Substitute  in  (11), 

Rata  +  {L  +Maa^-2Mab)'^^Rbi-^Rhia  +  (L-Mahij. 
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Assuming  that  e  is  harmonic,  and  solving,^* 

in  which  />  =  2;r  X  frequency.     Similarly,  solving  for  Ij,^, 


By  equation  (10), 


^(-i-:) 


(15) 


(16) 


(/a)o 

Similarly, 

JHTo 

The  quantities  undef  the  radical  sign  in  (15)  and  (16)  are  given  in 
(13)  and  (14),  respectively. 

The  significance  of  these  solutions  is  made  clearer  by  considering 
special  cases.  If  the  frequency  is  very  low,  equation  (13)  reduces 
to  (10).  If  the  resistances  were  equal,  the  current  in  one  wire 
wotdd  be  precisely  one-third  the  whole  current  flowing,  just  as 
was  shown  above.  In  the  instnunent  constructed  to  test  these 
calculations,  however,  the  resistances  were  not  exactly  equal. 
Copper  wires  of  such  small  diameter  vary  greatly  in  cross  section 
and  hardness.  By  actttal  measurement  the  resistance  of  the  wire 
b  was  fotmd  to  be  0.352  ohm,  and  the  mean  resistance  of  a  and  a' 
was  0.347  ohm.    The  difference  of  cross  section  corresponding  to 


M  Rewrite  the  diffcrentUU 

(ft»+3^ft)ii+(3L+MM'-4^aft)^-(«»)i+a-Ars»)^- 

Napierian  base,  j^  is  m  timet  the  frequency,  and  t  is  time.     Lettinc  la  and  /  represent  effective  vahies  of 
current,  and  a  and  0  angles  of  phase  difference, 

Snbstittttinf  in  the  differential  equation. 

Simplifyhig.  

l^faigalMoluteTalnes  of  these  complex  quantities.  8mcetheabsonitevalueofc'V--iaandof«V^^  equals  i. 

Thus  equation  (zj)  has  been  derived. 


Jkttm^tr) 
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this  di£Ference  of  reisistance  causes  no  appreciable  difference  in  the 
self-indtictances. 


0.352 


(/)o  "0.347+0.704 

iJhio        0.347 


0.3349,  instead  of  exactly  0.3333 
0.330,,  instead  of  exactly  0.3333 


(/)o     0.347+0.704 

If  the  frequency  is  extremely  high  the  resistance  terms  can  be 
neglected  in  (13)  and  (14),  giving 

/a  L  —  Mgi, 

the  same  as  equation  (9)  above,  which  was  independently  deduced. 
For  any  frequency  whatever,  substituting  numerical  values  in 
(13)  and  (15),  and  letting  /= frequency, 


Similarly, 


la   _    /o.i24+o.364(io)-"ft  , 

/ft    ^     /o.I20+0.272(lo)-"/*r  , 

(/5)o      V  1-105+2.98    (l0Hr3.'>29J 


(17) 


(18) 


Values  have  been  calculated  from  these  expressions  for  four 

frequencies,  and  compared  with  the  experimental  observations. 

The  results  follow : 

TABLE  3 

Current  Distribution  m  Three-Wire  System 


Por  cttil  inciMHO  of  cuiiviii  in  a 

Pw  cent  dMTMM  of  asnent  in  6 

Cakotalid 

ObMfftd 

Cakotalid 

Ob..^ 

Por  cttii 

Per  cent 

Pw  oant 

Per  cent 

150000 

0.3 

a4 

0.6 

0.2 

sooooo 

1.8 

L3 

3.4 

3.0 

1000  000 

3.1 

2.8 

&1 

5.3 

ISOOOOO 

3.9 

3.6 

7.4 

6.0 

_ 

4.3 

8.5 

The  agreement  of  the  observed  values  with  the  calculations 
is  nearly  as  good  as  the  experimental  accuracy  warrants.  It 
should  have  been  expected,  however,  that  the  observed  values 


'V: 


r'.' 


VI 
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would  be  ntimerically  smaller  than  the  calctilated  values,  because 
of  the  heat  interchange  among  the  three  wires  due  to  convection 
and  radiation.  The  thermocouple  method  of  observation  meas- 
ures primarily  the  temperature  of  one  of  the  wires,  from  which 
the  current  in  the  wire  is  inferred.  When  the  three  wires  are 
carrying  different  amounts  of  current  their  temperatures  ate 
to  a  certain  extent  equalized  by  the  interchange  of  heat,  and 
hence  the  wires  will  appear  to  be  carrying  currents  more  nearly 
equal  than  they  actually  are.  This  conclusion  was  corroborated 
by  observations  on  an  instrument  similar  to  the  one  considered 
except  that  the  wires  were  2  mm  instead  of  4  mm  apart.  On 
account  of  the  wires  being  closer  together,  the  effect  of  heat 
interchange  should  be  more  marked  and  the  per  cent  changes  of 
current  should  be  still  smaller  than  the  calculated  values.  Such 
was  found  to  be  the  case,  and,  ftuiJiermore,  the  changes  were 
not  constant,  but  different  on  different  dajrs;  apparently  the 
amount  of  convection  varied  with  different  temperature  or  atmos- 
pheric conditions.  Contrary  to  expectation,  the  results  were 
not  improved  by  placing  this  instrument  in  a  partial  vacuum 
under  a  pressure  of  i  cm  of  mercury. 

Table  3  shows  that  at  a  frequency  of  i  500  000  the  cmrent 
distribution  has  become  nearly  that  for  infinite  frequency.  Of 
course,  ''infinite"  must  be  understood  simply  as  meaning  such 
a  frequency  that  the  resistance  is  a  negligible  part  of  the  imped- 
ance. For  mathematically  infinite  frequency  the  current  dis- 
tribution is  indeterminate.  For  any  frequency  higher  than 
I  500000  there  are  practically  no  ftuther  changes,  except  that 
the  resistance  of  the  individual  wires  becomes  appreciably  greater; 
the  ratio  of  currents,  however,  remains  practically  unchanged. 
Thus  the  remarkable  fact  becomes  evident  that  the  range  of 
frequencies  investigated,  in  which  all  the  changes  in  current 
distribution  take  place,  is  just  the  range  of  frequencies  utilized 
in  radiotelegraphy. 

2.  IN STRUMBNT  OF  SBVEN  WIRES 

A  hot-wire  ammeter  employing  a  more  complex  t3rpe  of  parallel 
wire  resistance  was  examined  and  tested  with  high-frequency 
currents.  It  was  a  commercial  instrument  with  the  ordinary 
arrangements  for  indicating  expansion.  The  resistance  consisted 
of  seven  bronze  wires,  each  8.6  cm  long  and  0.15  mm  in  diameter, 
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spaced  as  shown  in  Pig.  10,  six  of  them  being  0.19  cm  apart  and 
the  seventh,  g,  being  at  a  distance  of  0.95  cm  from  /.  The  flexible 
leads  to  g,  each  about  0.3  mm  diameter,  will  be  called  m  and  m\ 
The  indicating  mechanism  of  the  ammeter  is  a  device  for  showing 
the  expansion  of  the  wire  g.  9  amperes  gave  f  tdl-scale  deflection. 
It  will  readily  be  seen  that  because  of  the  mutual  inductances 
the  wire  g  will  carry  more  current  than  any  of  the  other  wires 
when  the  frequency  is  high,  while  with  direct  current  it  will 
carry  approximately  the  same  as  any  other  wire  (actually  a 
trifle  less  than  one  of  the  others  because  of  the  resistance  of 
m  and  m'):  Consequently  the  instrument  will  "read  high"  on 
high  frequency.  As  shown  below  by  calculation  and  by  experi- 
ment, this  effect  is  surprisingly  large.  The  complete  theoretical 
solution  for  all  frequencies  can  not  be  obtained  for  such  a  com- 
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Fig.  10. — Instrument  o/swen  pantlM  wires 

plex  case,  but  enough  can  be  worked  out  to  explain  the  instru- 
ment's behavior. 

The  inductances,  calculated  by  (i)  and  (2)  above  and  by  a 
more  accurate  expression  for  mutual  inductance  in  the  cases  of 
the  wires  farther  apart,  are  as  follows: 

La^ L/=  120.2  cm 

Lg  =  La  +  2L^    =158.8 


Mab^^'Mbc^  .  .  .  = 
Mac^Mbd=-  .  .  .  =« 
Mad^M},^^    .  .  .  = 

Maf  =  Mfg  = 


60.7 

49.2 

42.6 

38.0 
34.6 
31.7 
29.5 
27.4 

25-7 

24.3 


w 


4 


I* 
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For  frequencies  so  high  that  the  resistance  is  negligible  com- 
pared  with  the  reactance,  the  condition  that  the  potential  differ- 
ence be  the  same  between  the  ends  of  each  branch  of  the  system, 
assuming  harmonic  electromotive  force,  is — 

LJa  -^MaJh  +Afa/c  -^MaJd  -^MaJe  -^Maflf+Maplg 

-  MaJa-^MaJb  +  LJe  +Mabld  ^MaJg  +M^f+McoIo 
'^MaJa+MaJh  +Mable-^  LJ^+Mabt  ^-^MaJ  f+MdJ[g 
'^MaJa'^Madfb+MaJe'^MalJd+  LJ^-^-Mal^f^M^glg 
-^Mafla  +  Af  ae/b  +  Af  od/c  +MaJd  +Mable  +     Lflf^Mfglg 

''MagIa+Ml,gI^+McgIc'^M4ffId+MeoIe-^MfgIf+      Lgig 

Inserting  numerical  values: 

120.2/a+    60.7/6+    49.2/c+    42.6/rf+    38.0/e  +  34.6//+  24.3/9 

==    60.7/0  +  120.2/5+    60.7/C+     49.2/J+    42.6/e+  38.0//+  25.7/9 

=    49.2/a+    60.7/5  + 1 20.2/c+    60.7/4+    49.2/^+  42.6//+  27.4/9 

-    42.6/a+    49.2/5+    60.7/C+ 1 20.2/4+    60.7/^+  49.2//+  29.5/9 

«    38.0/0+    42.6/5+    49.2/c+    60.7/4  + 1 20.2/e+  60.7// +  31.7/9 

-   34.6/0+   38.0/5+   42.6/0+  49.2/4+   6o.7/e  + 120.2// +  34.6/9 
=   24.3/0+   25.7/5+   27.4/0+   29.5/4+   31.7/*+   34 .6// +158 .8/9 

Combining  the  last  line  with  each  of  the  preceding,  these  equations 
become  the  first  six  of  the  following : 


31.4/a 

29-3^^ 
27.1/^ 

24.2/^ 


o-=95-9^a  +  35-o^5  +  2i.8/c  +  i3i^d+  6.3/,+  o- 
o  -  36.4^0+94-5^6 + 33-3^c  +  i9'7^d  +  lo.gle  +  3-4^/  - 
o -24.9/0 +350^+92.8/0  + 31  •2/d  + 1 7-5^#+  8.q//- 
o  - 1 8.3/0  +  23.5/5 + 333^0 + 90.7/d  +  29.0/e  + 14.6//  - 
o -13.7/0 +  16.9/5 +  21.8/0 +  31 .2/4 +88.5/0 +26.1//- 
0-10.3/0  +  12.3/5  +  15.2/0  +  19.7^*1  +  29.0/0  +  85.6//- 

/=  /o+  /5+  /«+  /d+  /«+  //+  Ig 

The  last  equation  expresses  the  obvious  condition  that  the  cur- 
rents are  all  in  the  same  phase  when  the  resistance  is  negligible 
(/  denotes  the  whole  ctirrent  in  the  circuit) . 

Solving  these  equations  by  the  use  of  determinants,  we  find: 

y -0.196 

On  low  frequency,  however,  the  ratio  of  the  current  in  the  wire  g 
to  the  total  current  is  determined  solely  by  the  resistances.    The 
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0.127 


resistance  of  the  instrument  was  found  to  be  0.027  ohm,  and  the 
resistance  of  the  wire  g,  measured  after  severing  its  leads,  was  0.2 1 3. 

(/)o  ""0.213 

For  a  given  total  current  in  the  circuit,  the  ratio  of  the  current  in 

the  wire  9  at  an  extremely  high  frequency  to  the  current  in  9  at 

low  frequency  is  then 

Ig      0.196 

(/,)ro.i27"'-55 

That  is,  for  a  frequency  so  high  that  the  resistance  is  a  negligible 
part  of  the  impedance,  the  instrument  would  read  55  per  cent 
high. 

The  behavior  of  the  instrument  at  any  frequency  whatever  may 
be  calculated  approximately  by  the  aid  of  asstunptions.  The 
wire  g  is  so  xmsynmietrically  situated 
that  to  a  first  approximation  the  varia- 
tions amo}ig  the  currents  in  the  other 
six  wires  may  be  neglected.  Suppose 
each  of  the  wires  a  to  f  replaced  by  a 
wire  occupying  the  position  s  (Fig.  11). 
Let  the  mutual  inductances  of  each  of 
these  six  wires  at  s  with  respect  to  the  Rg.  11.— Diagram  for  approxmatg 
other  five  be  the  same  as  the  average      calculation  of  sauan-wire  instru" 

mutual  inductances  when  the  wires  oc-  '"'^ 
cupy  their  positions  a  to  /;  i.  e.,  the  mutual  inductances  of  one  wire 
at  s  with  respect  to  the  others  are  taken  to  be  approximately  the 
same  as  the  mutual  inductances  of  the  wire  b  with  respect  to  a,  c,  rf,  e, 
and  /.  Let  i'M,  denote  the  sum  of  these  five  mutual  inductances. 
The  mutual  inductances  of  the  wires  at  s  with  respect  to  g  are  all  the 
same,  M^,.  The  potential  difference  between  the  ends  of  any 
wire  is: 
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m  9 

Now,  i  =  6i, -f  ig.     ,',tf  =  —f~'     Substitute  this  value  for  i,. 
Solving  as  in  footnote  1 1 ,  letting  p  denote  2ir  times  the  frequency, 

//. Y -      V^J  "^n~^ — M 

Inserting  numerical  values,  i'M,  =  251.2  cm,  and  letting  /  denote 
the  frequency : 


00096  +  0.0439(10)-*"/ 


0594  +  1.056(10)-"/* 

This  quantity  divided  by  the  value  of  —^  gives  the  ratio  of  the 

indicated  current  at  a  frequency  /  to  the  indicated  current  at  very 
low  frequency.     Thus  for  a  frequency  of  100  000, 

I  a        O.141 
Jt\^ ^--=1.11 

(lg)0  0.127 

and  for  a  frequency  of  750  000, 


Ig      0.198 

7T\  = — ^  =  1.56 
{Ig)o    0.127        ^ 


Q     _ 

a) 

Therefore  the  ammeter  should  read  11  per  cent  high  at  a  fre- 
quency of  100  000,  and  56  per  cent  high  at  750000. 

The  actual  performance  of  the  instrument  is  shown  by  the 
ciuires  of  Fig.  12.  The  readings  obtained  at  various  frequencies 
are  there  plotted  against  the  current.  Throughout  the  scale,  the 
readings  at  the  different  frequencies  differ  by  approximately  a 
constant  per  cent,  as  expected.  At  100  000  the  readings  are  10 
per  cent  high,  and  at  750  000  they  are  46  per  cent  high.  Meas- 
m-ements  could  not  be  made  at  higher  frequencies  than  750  000, 
because  the  instrtunent  did  not  have  a  sufficiently  open  scale  for 
observations  below  6  amperes  and  currents  as  great  as  that  cotild 
not  be  maintained  steady  enough  at   higher  frequencies.     Tne 


'^^■••rl 


High-Frequency  Ammeters 


123 


agreement  between  performance  and  theoretical  calculation  is 
quite  satisfactory  in  view  of  the  roughly  approximate  character 
of  the  assumptions  made  in  the  calculation  of  the  preceding  para- 
gtapfa.  Furthermore,  the  spacing  of  the  wires  a  to  /  in  Pig.  1 1  is 
not  quite  uniform,  and  the  wire  a  is  partly  shunted  by  a  wire 
three  times  its  diameter  (for  purposes  of  adjustment) .    Heat  inter- 


0         1         2 

AMPERES 

Hg.  12. — Effm:i  offr^qumtcy,  seutn-win  histnmunt 

change  by  convection  and  radiation,  which  wotdd  reduce  the 
observed  changes  of  reading,  may  be  appreciable,  although  it  is 
much  less  than  it  would  be  if  the  wire  g  were  closer  to  the  other 
wires.  This  thermal  effect  would  make  the  changes  appear  less 
for  larger  currents,  and  the  observations  indicated  this;  but  the 
relatively  lower  precision  of  the  observations  with  smaller  currents 
made  it  impossible  to  correct  for  the  effect. 
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3.  USB  or  mOH-HBSISTANCB  WIRES 

The  changes  in  current  distribution  at  a  given  frequency  can  be 
much  reduced  by  using  wires  of  higher  resistance.  This  was 
proved,  experimentally  and  theoretically,  in  the  case  of  the  three- 
wire  instrument  of  Pig.  9.  An  exactly  similar  instrument  was  con- 
structed, the  copper  wires  of  0.08  mm  diameter  being  replaced  by 
Etireka  wires  of  0.05  mm  diameter.  The  resistivity  of  Eureka  is 
about  thirty  times  that  of  copper,  and  consideration  of  equations 
(17)  and  (18)  of  page  117  shows  that  the  change  of  cturent  in  any 
wire,  up  to  a  frequency  of  i  500  000,  should  be  zero.  Measure- 
ment gave  the  following  results : 

TABLE  4 


X>«cntM  of  otmot  In  b 


150  000 


—0. 5  p«r  cant 


500  000 


+0.4p«r€tnt 


1000  000 


— 0.2p«r€tnt 


15M000 


— 0.lp«rcHit 


The  first  two  restilts  were  each  a  single  observation ;  the  depart- 
ure of  all  the  values  from  zero  may  be  considered  error  of  obser- 
vation. 

Thus  the  changes  of  current  distribution  can  be  moved  up, 
as  it  were,  to  frequencies  higher  than  those  used  in  radiotelegraphy 
by  employing  wires  of  high  resistance.  The  distribution  of 
currents  at  a  frequency  so  great  that  the  resistance  is  a  small 
part  of  the  impedance  is  in  nowise  altered;  that  condition  simply 
holds  at  a  higher  frequency.  Even  a  wire  of  resistivity  inter- 
mediate between  that  of  copper  and  the  high-resistance  materials, 
such  as  platinum  (resistivity  6.4  times  copper) ,  makes  the  changes 
of  distribution  negligible  up  to  a  frequency  of  i  500  000,  in  the 
case  of  this  particular  type  of  instrument.  The  caution  must 
be  given,  however,  that  the  diameter  of  the  wire  should  not 
be  increased,  as  then  the  advantage  of  the  higher  resistivity  of 
the  wire  disappears.  This  caution  is  necessary  because  instru- 
mental requirements  work  against  high  resistance,  for  it  increases 
the  heat  production,  and  the  large  heat  production  is  the  problem 
in  constructing  an  ammeter  for  large  currents;  and  again  the 
designer  will  surely  be  tempted  to  use  larger  diameters  when 
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he  substitutes  higher  resistivity  wires  for  copper  because  he 
knows  that  the  skin  effect,  or  change  of  resistance  with  frequency 
of  the  wire  itself,  is  less  as  the  resistivity  increases. 

This  advantage  of  using  high-resistance  metal  for  the  working 
resistance  holds  as  well  for  the  flat-strip  type  of  ammeter  treated 
in  Section  V  as  for  the  parallel-wire  type.  The  advantage  is 
not  quite  so  great,  however,  in  the  second  class  of  instruments, 
the  so-called  unshunted  type,  as  will  be  brought  out  in  Section  IV. 

4.  AMMETERS  OF  PREVIOUS  EXPERIMENTERS 

An  ammeter  of  the  parallel-wire  tjrpe,  used  by  H.  W.  Edwards  " 
in  investigating  high-frequency  resistance,  has  some  points  of 
interest.     It  consisted  of  15  wires  in  parallel  between  two  tri- 


Fig.  13. — Edwards*  paralM-wirg  ammeter 

angular  blocks  of  copper  with  a  thermocouple  soldered  to  the 
center  wire.  The  wires  were  3  cm  long,  2  mm  apart,  and  0.08 
mm  in  diameter.  It  is  found  by  calculation  that  the  self -inductance 
of  one  wire  is  39.  cm,  and  the  14  mutual  inductances  range  from 
II.  to  3.  cm.  Comparison  with  the  cases  calculated  above  shows 
that  for  frequencies  high  enough  to  make  the  reactances  com- 
parable with  the  resistances,  the  instrument  would  read  a  good 
many  per  cent  lower  than  on  direct  current.  The  change  of 
distribution  in  the  massive  copper  terminal  blocks  would  increase 
the  error.  The  latter  effect  is  appreciable,  as  shown  by  the 
experiments  on  strip  instrtunents  in  Section  V;  and,  in  fact,  is 


w 
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probably  the  only  effect  that  would  manifest  itself  at  radio- 
telegraphic  frequencies,  as  the  wires  were  of  high-resistanoe 
material.  As  Edwards'  experiments  were  made  at  frequencies 
below  300  000,  the  instrument  probably  caused  no  error  in  his 
work. 

A  form  of  construction  recommended  by  Fleming,  and  also 
described  by  A.  H.  Taylor,"  is  subject  to  still  another  error.  It 
is  shown  inPig.  14,  and  is  simply  a  group  of  parallel  wires  between 
a  pair  of  posts.  Supposing  that  the  wires  could  be  spaced  so 
far  apart  that  the  mutual  inductances  wotild  have  negligible 
effect,  there  would  still  be  high-frequency  errors  if  the  self- 
inductances  of  all  parts  were  not  in  the  ratio  of  their  resistances. 
The  posts  are  of  relatively  large  cross  section,  and  their  resist- 
ance is  quite  negligible  in  comparison  with  the  resistance  of  the 
wires,  but  the  self-inductance  of  the  posts  may  be  of  the  same 


Fig.  14. — ParcdM-wirg  ammetar  of  various  exp^riminttrs 

order  of  magnitude  as  the  self-inductance  of  the  wires.  Then 
the  high-frequency  current  in  wire  z  will  be  much  less  than  in 
wire  u.  This  effect  has  been  observed  experimentally  by  Edwards 
(loc.  dt.),  the  upper  wire  being  found  to  carry  30  per  cent  less 
current  than  the  lower  at  a  frequency  of  300  000.  This  effect 
is  also  illustrated  experimentally  in  Section  IV,  following,  in 
the  present  paper.  In  the  ammeter  constructed  by  Taylor  the 
wires  were  of  high-resistivity  metal,  but  were  of  a  relatively  large 
diameter,  0.16  mm,  so  that  the  change  of  current  distribution 
might  be  appreciable  at  radiotelegraphic  frequencies. 

The  error  would  not  be  removed  from  this  instrument  by  con- 
necting the  current  leads  at  the  middle  points  of  the  posts,  for 
then  the  self -inductance  in  the  paths  of  !»  and  I,  would  be  greater 
than  in  the  paths  of  I^  and  ly.     This  effect  would  decrease  the 

"  Phys.  Rev.,  S4,  p.  365;  19x2. 
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current  in  the  outside  wires,  while  the  mutual  inductances  would 
increase  it.  However,  if  the  leads  be  connected  at  opposite 
comers,  at  right  angles  to  the  plane  of  the  instrument,  as  in  Pig.  15, 
the  self-inductance  in  each  current  path  will  be  the  same,  and 
ftuthermore  the  leads  will  have  no  inductive  action  upon  the 
instrument.  If  the  leads 
were  connected  at  oppo- 
site comers,  as  prolonga- 
tions of  the  posts  instead 
of  at  right  angles  to  the 
posts,  conditions  would 
be  almost  as  good;  but 
each  lead  would  act  in- 
ductively on  the  adja- 
cent section  of  the  post 


u 


]^.  15. — Improved  method  of  lead  connection 


somewhat  more  than  on  the  other  sections,  and  hence  the  middle 
sections  of  the  post  would  carry  somewhat  more  current  than  the 
end  sections.  This  same  principle  is  utilized  in  an  instrument 
which  employs  thin,  flat  strips  instead  of  wires,  described  in 
section  V. 

5.  CYLINDRICAL  ARRANGEMBNT 

The  errors  of  the  parallel-wire  tjrpe  of  ammeter,  due  to  mutual 
and  self  inductance,  can  be  avoided  by  arranging  the  wires  as 
equidistant  elements  of  a  cylinder  and  leading  the  current  in  to 


Tig.  16. — PandM'Wire  ammeter  of  cylindrical  design 

the  centers  of  the  ends  of  the  cylinder.  The  mutual  inductances 
of  each  wire  with  respect  to  the  others  are  the  same,  and  the  self 
inductance  is  the  same  in  each  current  path.  The  currents  in  the 
different  wires  must  then  be  the  same,  at  high  frequencies.  The 
current  can  be  measured  by  a  thermocouple  or  an  expansion 
device  on  one  of  the  wires.     It  turns  out  that  this  is  so  good  a 
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high-frequency  instrument  that  its  only  errors  are  due  to  its  low- 
frequency  current  distribution.  Great  care  is  necessary  to  make 
sure  that  the  wires  all  have  the  same  resistance,  otherwise  they 
carry  different  amounts  of  current  at  low  frequencies:  In  such  an 
instrument,  actually  constructed  of  8  manganin  wires,  0.24  mm 
diameter  and  6  cm  long,  the  mechanicians  found  it  difiScult  to 
solder  on  the  wires  without  stretching  and  heating  them  unequally 
and  consequently  the  resistances  were  not  near  enough  to  equality. 
Measurements  showed  that  the  increase  of  current  in  one  of  the 
wires  from  direct  current  was  +4.8  per  cent  at  i  000000,  in 
another  was  0.0  per  cent,  and  in  another  —4.3  per  cent.  (These 
measurements  were  obtained  by  soldering  the  thermocouple 
successively  on  the  three  wires.  Observations  at  other  frequencies 
were  consistent  with  those  stated.)  The  greatest  care  in  selection 
of  wire  and  in  construction  is  necessary  to  insure  the  equality  of 
the  resistances  of  the  fine  wires  which  must  be  used.  This  under- 
stood, the  instrument  may  be  a  valuable  one.  The  cylindrical 
arrangement  of  wires  was  first  realized  by  Broca,  and  was  described 
by  him  in  Bulletin  de  la  Sod^t^  Internationale  des  Electridens,  9, 
p.  423;  1909.  The  symmetrical  arrangement  has  also  been  uti- 
lized by  R.  Hartmann-Kempf  ",  in  the  construction  of  instru- 
ments which  employ  thin  metal  strips  instead  of  wires,  described 
below  in  section  V, 

6.  UTILIZATION  OF  WHOLE  HEAT  PRODUCTIOlff 

A  way  of  escape  from  the  current  distribution  errors  of  the 
parallel- wire  type  of  ammeter  is  to  make  the  deflection  depend  on 
the  whole  heat  production  in  the  system  instead  of  on  that  in  one 
branch.  Now  the  whole  heat  production  does  change  with  change 
of  frequency,  because  the  resistance  of  the  system  considered 
as  a  whole  increases  as  the  current  departs  more  and  more  from 
tmiform  distribution;  but,  as  will  be  shown  in  the  next  section, 
the  change  of  resistance  of  the  whole  system  is  of  a  smaller  order 
of  magnitude  than  the  change  of  current  distribution.  In  many 
cases,  therefore,  an  instrument  which  is  seriously  in  error  if  its 
reading  depends  on  the  current  in  one  branch  would  have  negligible 
error  if  it  were  so  arranged  that  its  readings  depended  on  the 

^*  Sec  footnote  7,  p.  107. 
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whole  current.  The  calorimetric  instnixnent,  in  which  the  reading 
depends  for  example  on  an  air-thermometer  device,  avoids  the 
direct  errors  of  current  distribution.  The  same  thing  holds  for  the 
expansion-indicating  instrument  of  the  so-called  unshunted  t3rpe, 
treated  in  the  next  section,  but  it  will  be  thei:e  shown  that  in 
those  particular  instruments  the  dissymmetry  of  current  distri- 
bution is  likely  to  be  so  enormous  that  the  change  of  resistance 
of  the  whole  is  not  negligible.  Another  form  of  expansion- 
indicating  instrument  which  avoids  the  direct  errors  of  current 
distribution  has  been  reported  to  the  author.  A  number  of  wires 
parallel  to  one  another  were  mechanically  connected  iii  such  a  way 
that  the  expansion  of  all  of  them  contributed  to  the  deflection. 
It  so  happened  that  the  wires  were  less  than  i  mm  apart,  so  that 
the  mutual  inductances  were  large,  and  the  change  of  current 
distribution  was  very  great.  Upon  trial  with  high  frequency 
currents  the  instrument  was  found  to  read  high.  The  reading  of 
any  ammeter  which  depends  on  the  whole  heat  production,  or 
whole  cinrent  through  it,  will  either  increase  with  frequency  or 
will  remain  practically  unchanged,  but  can  not  decrease. 

This  principle  is  readily  applied  to  the  instruments  which 
employ  a  thermocouple  as  the  means  of  indication.  It  was 
tried  out  in  the  three-wire  case  discussed  first  iii  the  present 
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section.  Three  thermocouples  in  series  were  used,  one  on  each 
wire,  the  direction  of  connection  being  alternately  reversed.  The 
resultant  emf  of  such  a  series  should  be  an  average  about  equal 
to  that  of  one  couple.  The  construction  was  very  simple,  as 
shown  in  Pig.  17,  a  fine  copper  wire  lead  being  soldered  to  the 
middle  point  of  a,  and  at  the  same  point  a  fine  Eureka  wire  (shown 
dotted)  which  went  to  6,  then  a  copper  wire  to  a',  and  finally  a 
Eureka  lead;  the  two  leads  of  course  connect  to  a  galvanometer. 
Theoretical  calculation  made  as  shown  below,  ixx  the  next  section, 
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shows  that  the  change  of  reading  should  be  negligible  at  all 
frequencies  up  to  i  500  000.  Measurements  at  500  000,  i  000  000, 
and  I  500  000  confirmed  this;  the  increase  of  reading  at  i  500  000 
being  0.4  per  cent,  which  was  within  the  error  of  observation. 

7.  SUMMARY 

Summarizing  the  investigation  of  the  parallel-wire  t3rpe  of 
ammeter,  it  has  been  found  that  large  errors  with  high-frequency 
currents  occur  in  commonly  used  instruments,  these  errors  being 
chiefly  due  to  the  mutual  inductances  and  in  some  cases  to  self- 
inductances  which  had  been  thought  negligible?  These  errors 
can  be  avoided  for  frequencies  in  the  range  employed  in  radio- 
telegraphy  by  usiog  wires  of  high  resistance.  In  some  instru- 
ments in  which  the  errors  are  due  to  the  self-inductances  of 
connecting  parts  they  can  be  eliminated  by  suitable  location 
of  the  current  leads.  Still  another  method  of  avoiding  error 
is  symmetrical  location  of  the  wires,  such  that  each  has  the  same 
mutual  inductances  with  respect  to  the  others.  The  errors  are 
much  reduced  and  in  some  cases  eliminated  entirely  by  making 
the  deflection  depend  on  the  whole  heat  production  instead  of 
on  the  current  in  only  part  of  the  working  resistance;  this  is 
possible  in  general  for  instruments  whose  deflections  are  pro- 
duced either  by  calorimetric  effect,  expansion,  or  thermolectric 
effect. 

IV.  THE  SO-CALLED  UNSHUNTBD  AMMETER 

Probably  the  t)rpe  of  ammeter  most  widely  used  in  the  past 
in  radiotelegraphic  work  is  that  which  employs  but  a  single  hot 
wire  with  different  portions  of  its  length  joined  in  parallel.  It 
will  be  shown  that  some  of  these  have  serious  errors  while  others 
have  not,  and  that  the  errors  can  be  lessened.  The  construction 
is  most  readily  understood  from  the  diagram.  Pig.  18.  A  and  B 
are  the  current  leads.  They  connect  to  thick  copper  bars,  from 
which  flexible  metal  strips  take  the  current  to  several  points 
of  the  hot  wire,  whose  expansion  is  measured  by  the  ordinary 
device  (not  shown  in  Pig.  18).  Thus  a  single  wire  carries  the 
whole  cturent,  and  the  instrument  is  therefore  called  unshunted. 
The  resistances  of  the  copper  bar  and  metal  strips  are  negligible 
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in  comparison  with  the  resistance  of  the  hot  wire,  and  if  the 
lengths  ci  the  sections  in  parallel  are  the  same  each  carries  the 
same  current  as  any  other  on  low  frequency.  But  the  inductances 
of  these  parts  are  by  no  means  negligible,  and  consequently  on 
high  frequency  the  different  portions  of  the  wire  carry  different 
amounts  of  current.  In  fact,  in  practical  cases  the  impedance 
of  the  hot  wire  itself  is  but  a  small  part  of  the  impedance  of  each 
current  path  for  high  frequencies.  Even  the  mutual  inductances 
of  the  different  portions  of  the  "  hot  wire  "  are  not  negligible  and 
in  themselves  tend  to  cause  more  current  to  flow  in  the  central 


Pig.  18. — Unshunttd  ammtttr  of  four  sKtkms 

sections  than  in  the  outer  sections.  (This  is  rather  unusual,  as 
high-frequency  currents  tend  to  go  to  the  outer  portions  of  a 
conductor  in  general,  but  note  that  the  direction  of  current  is 
here  reversed  in  adjacent  sections).  The  changes  in  current 
distribution  from  the  uniformity  of  direct-current  distribution 
are  in  fact  very  large.  They  are  equivalent  to  an  increase  in 
the  resistance  of  the  system  as  a  whole,  so  that  these  instruments 
tend  to  read  high  on  high  frequency.  It  will  be  shown  that  the 
location  of  the  leads  A  and  B  has  an  important  influence  in  deter- 
mining the  error;  and  that  some  instruments  of  this  tjrpe  could 
be  greatly  improved  by  changing  these  points  of  connection. 
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1.  HXUSTRATIVB  mSTRUllBlIT  OF  TWO  SBCTIOlffS 

The  actual  distribution  of  current  was  studied,  both  experi- 
mentally and  theoretically,  in  the  case  of  a  typical  instrument 
of  two  sections.  P  O  Q  is  a  fine  copper  wire,  0.08  mm  in  diameter, 
soldered  at  the  ends  to  the  ends  of  P  S  T  Q,  which  is  a  thick  copper 
wire,  2.6  mm  in  diameter,  bent  at  right  angles  m  the  two  points 
S  and  T.    This  device  exactly  simtdates  the  "unshunted"  type 

Zof  ammeter,  P  O  Q  being 
the  "hot  wire."      Current 
fcT     leads  were  connected,  per- 
pendicular to  the  plane  of 
Iq    this  system,  at  the  comer 


d. 


I 


Tig.  19.-'Instnim€nt  with  two  sections  of  hot  win  in    S  and  at  O,  the  middle  point 

p<^^^  of  the  fine  wire.    A  thermo- 

couple was  soldered  to  some  point  on  either  P  O  or  O  Q,  and  its 
leads  attached  to  a  galvanometer;  the  deflection  of  the  galva- 
nometer was  then  a  measure  of  the  current  flowing  in  P  O  or 
O  Q.  The  length  P  0-0  Q  =  4.9  cm,  and  the  length  P  S-T  Q- 
2.0  cm.  For  convenience  in  considering  the  current  in  the  two 
branches  of  the  system  the  diagram  is  redrawn.  Pig.  20.  The 
lengths  P  O  and  O  Q,  of  Fig.  19,  are  here  denoted  by  ft  and  c,  which 
have  resistances  R^  and  R,,  ^ 
respectively.  It  could  not  / 
be  taken  for  certain  that  ^ 
these  two  resistances  were 
equal,  although  the  lengths 
were   equal,   because    such  ^ 

«*^«^r  +V.:*.    ««^vrx«^«.  «r;«.^c,    «*-«    ^-  20,— Poths  of  curTeftt  in  two-section  instrument 

very.tnm  copper  wu^es  are     ^ 

not  uniform  in  diameter  or  in  hardness.     By  measurement  it  was 

found  that  Ri— 0.168  ohm  and  R, —0.179  ohm. 

For  direct  current  or  alternating  current  of  low  frequency 
R^  and  2?,  are  the  whole  impedances  of  the  two  current  paths, 
the  resistance  of  the  thick  copper  wire  being  quite  negligible. 
But  for  high  frequencies  the  inductances  of  these  latter  portions 
affect  the  impedance  to  an  important  extent.  At  very  high 
frequencies,  in  fact,  all  resistances  are  negligible;  and  the  self- 
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^ 
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indtictance  of  e  is  actually  greater  than  that  of  c;  and,  further- 
more,  the  mutual  mductances  between  e  and  b,  between  e  and  c, 
and  between  b  and  c  appreciably  affect  the  cturent  distribution. 
No  inductive  action  of  outside  portions  of  the  circuit  need  be  con- 
sideredy  as  the  leads  are  brought  in  at  right  angles  to  the  wires  of 
the  system  and  other  portions  of  the  circuit  are  some  distance 
away. 

The  self -inductances  of  6  and  c  may  be  calculated  by  the  simple 
expression: 

L  =  2/ (log  ^-0.75). 

But  the  inductances  of  the  thick  wire  portions,  La,  La,  and  L^,  are 
not  the  same  on  high  as  on  low  frequency  because  of  change  of 
current  distribution  in  the  thick  wire  itself.  Thus  for  low  fre- 
quencies the  self -inductance  of  e  is  f oimd  by  the  simple  calculation 
to  be  75.0  cm,  while  for  the  high  frequencies  used  in  the  experi- 
ments below  it  is  foimd  (see  footnote  4)  to  be  71.0  cm.  The 
mutual  inductance  of  two  parallel  wires  of  length  /  and  yil  and 
d  cm  apart,  situated  as  e  and  b  in  Pig.  20,  is  readily  shown  to  be: 

M5,«/ log  ^±3^11'- V^H^*+^.  (19) 


u 

-Lc 

= 69.0  cm 

u 

-La 

—  lO.O 

Le 

—  71.0 

Mt,e 

-  6.8 

M,e 

=Mc. 

r-12.7 

i 


in 


The  mutual  inductance  of  two  adjacent  wires  in  the  same 

straight  line,  each  of  length  /,  such  as  b  and  c,  is: 

» 

M6e=  1.386/.  (20)  I 

The  numerical  values  of  the   high-frequency  inductances  are  f 

found  to  be: 
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In  the  actual  instrument  constructed  the  current  lead  was  ! 

.  »■ 

not  attached  exactly  at  the  comer  5,  but  i  cm  to  the  right  of 
the  comer.  The  slight  alteration  of  L^  and  departm-e  from 
equality  of  M^e  and  Af ««  produce  negligible  effects  in  the  results. 
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The  current  distribution  at  any  frequency  may  be  calculated 
as  follows.  The  potential  difference  between  the  ends  of  either 
wire  is: 

Since  Lc-L^,  L^^La,  and  Mce^Mte* 

/?,i,  +  (L« +L5 +M5C -Af  6,)^ -/?,!, 

At  every  instant,  it  +^^^1,  the  total  instantaneous  current,  or, 

•      •     • 

-/?,»•  + (L.+L»+L,+M»e-3M6^^ 
Assuming  that  e  is  harmonic  and  solving  as  in  footnote  1 1 , 

For  very  low  frequencies,  which  are  denoted  by  the  subscript 


•> 


For  a  given  total  current  in  the  circuit,  i.  e.,  (/)a^/, 
Ji /        Je/  +  47r*/»(L,+Lt+L«+M6e-3Mt,)*    ~r,  ,  i?."] 

/  denoting  the  frequency. 
Inserting  numerical  values, 


It    _    /o.o320+o.556(io)-"/»  ,  ,    V 

W.~ylo.i20  +1.45  (io)-»/«['-939l  ("^ 
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Similarly,  for  branch  2  of  the  instrument,  it  may  be  shown  that 
the  ratio  of  the  indicated  current  at  a  frequency  /  to  the  indicated 
current  at  very  low  frequency  is : 

/f       _        /O.O282  +0.21  I  (10)  •»/».  .  .         V 

Wo    yl 0.120  +1.45  (io)V  -^5]  (") 

A  correction  was  applied  to  these  calculations  to  take  account 
of  the  fact  that  the  current  heated  the  copper  wires,  so  that  their 
resistance  while  working  was  not  the  same  as  when  measttred 
cold. 

For  the  range  of  frequencies  in  which  changes  in  the  current 

ratios   occur,  measurements  were   obtained   and   are   compared 

Mrith  the  values  calculated  from  (21)  and  (22)  in  the  following 

table: 

TABLE  5 

Current  Distribution  in  "Unshunted"  System 


Pgc  cent  liMTHi 

e  etcunent  in  1 

Per  cent  decieeee  of  cnirent  In  2 

VM^iNOcy 

Cakotalad 

Obeerved 

Cekttlated 

Observed 

Percent 

Percent 

Per  cent 

Percent 

150000 

4.5 

4.2 

4.2 

4.4 

500000 

15.2 

14.3 

15.4 

15.0 

1000  000 

1S.6 

17.7 

19.4 

18.7 

1500  000 

19.2 

19.1 

20.3 

19.5 

00 

2ao 

21.1 

Of  course,  as  before,  "infinite"  frequency  simply  means  such 
a  frequency  that  the  resistance  is  a  negligible  part  ot  the  impedance. 
These  results  are  also  presented  graphically  in  Fig.  21,  in  which 
the  continuous  curves  give  theoretical  values  and  the  dots  inclosed 
by  circles  represent  the  observations. 

The  asymptotic  approach  of  the  current  ratios  to  the  values  for 
infinite  frequency  is  particularly  well  shown  by  these  curves. 
Physically  infinite  frequency  is  practically  attained.  The  agree- 
ment of  the  observations  with  the  theory  is  all  that  could  have 
been  expected.  There  is  no  error  here,  however,  due  to  heat 
interchange  between  the  working  parts,  as  in  the  case  of  the  parallel 
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wire  instniments.  The  two  parts  of  the  hot  wire  were  purposely 
made  long  and  were  soldered  at  their  junction  0  (Pig.  19),  to  a 
heavy  metal  post  to  reduce  their  thermal  effect  upon  each  other. 
It  was  found,  too,  that  the  results  obtained  did  not  differ  appre- 
ciably whether  the  thermocouple  was  soldered  to  the  middle  of 
one  of  the  wires  or  close  to  its  outer  end. 

The  slight  discrepancy  between  the  theory  and  experiment  is  to 
be  attributed  to  the  insuflSciency  of  the  inductance  calculations. 
In  calculating  the  inductance  of  a  finite  portion  of  a  circuit  it  is 


&  1.20 

8 

> 

u 

z 

III 

S  1.10 
o* 

Id 

2  1.00 


.90 


O 
O 


.80 


.70 


BRANCH  1 

^^\ 

\ 

^^^^^^^{ 

> 

/ 

\ 

* 

^ 

^_ 

^^^^^^^^^1 

i 

BRANCH  2 

0  500000 

FREQUENCY 


1000000  1500000         2000000 

Fig.  21. — Change  of  current  distribution  with  frequency,  two-section  instrument 


assumed  that  the  current  is  imiformly  distributed  about  the  axis 
of  the  conductor.  This  does  not  hold  near  a  bend  in  the  conductor ; 
and  furthermore  the  inductance  of  the  current  at  the  bend  is 
neglected.  Hence,  one  could  not  be  sm^  how  accurately  the 
inductances  of  short  lengths,  such  as  those  of  the  present  case,  are 
obtained  by  the  theoretical  formulas.  The  present  experimental 
results  are  themselves  a  justification  of  the  use  of  those  formulas 
for  approximate  calculation  even  of  such  short  lengths.  Inde- 
pendent justification  of  the  simple  formulas  for  inductances  of 
short  linear  conductors,  in  a  somewhat  more  favorable  case,  is 
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furnished  by  the  direct  inductance  measurement  ^  of  Grover  and 
Curtis. 

The  instrument  tmder  discussion  not  only  illustrates  the  error 
in  the  "  unshimted  "  type  of  instrument,  but  also  the  error  treated 
in  Section  III  in  connection  with  Fig.  14.  It  is  there  brought  out 
that  while  the  resistance  of  the  posts  is  negligible,  the  self-induct- 
ance is  very  important.  The  thick  copper  wire  in  the  instrument 
here  experimented  upon  plays  the  same  part  as  the  posts  in  Fig. 
14,  and  hence  the  error  there  discussed  is  here  experimentally 
realized. 

2.  USE  OF  mGH-RBSISTANCB  WIRBS 

If  the  two-section  instrument  of  Fig.  19  had  a  hot  wire  of  some 
material  of  higher  resistivity  than  copper,  the  changes  of  current 
distribution  would  be  decreased.  This  is  evident  from  a  consid- 
eration of  equations  (21)  and  (22),  pages  134,  135.  It  was  proved 
experimentally  by  making  a  reproduction  of  the  instrument,  re- 
placing the  copper  wire  of  0.08  mm  diameter  by  a  Eureka  wire  of 
0.05  mm  diameter.  The  resistivity  of  Eureka  wire  is  about  thirty 
times  that  of  copper,  and  calculation  shows  that  up  to  a  frequency 
of  I  500  000  the  change  of  current  distribution  should  be  zero.  The 
mean  experimental  results,  for  the  ratio  of  high-frequency  current 
to  low-frequency  current  in  the  right  section,  were: 

TABLE  6 


FnQvmcy 

150000 

500000 

1000000 

1500000 

P«r  cot  decntM  el 

Pw  €#nt 
0.0 

Pw  cent 
0.3 

Per  cent 
0.2 

Per  ceot 
0.2 

The  difference  between  these  results  and  zero  is  within  the 
experimental  error. 

If,  however,  the  instrument  were  made  of  a  material  of  some 
intermediate  resistivity,  such  as  platinum  or  bronze,  the  changes 
of  current  distribution  would  be  decidedly  appreciable.  In  fact,  if 
it  were  made  of  such  material  and  the  wires  were  of  larger  diameter 
than  the  copper  wires  (as  they  might  be,  since  the  skin  eflfect  is 
less  as  the  resistivity  increases) ,  the  errors  might  be  fully  as  great 

u  Thb  Bulletin,  8,  p.  468.  Reprint  175;  19x1. 
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as  when  the  hot  wire  is  of  copper.  This  will  be  illustrated  in 
experiments  to  follow.  There  is  not  so  great  an  advantage  in 
using  high-resistance  metal  in  the  hot  wire  of  the  '' imshtmted '' 
t3rpe  as  in  the  parallel  wire  type  of  Section  III  because  here  the 
impedance  of  the  hot  wire  itself  plays  a  smaller  part  in  determining 
the  high-frequency  current  distribution. 

3.  INSTRUMBNT  OF  FOmt  SBCTIONS 

A  commercial  "  imshunted"  instrument  of  the  four-section  type 
sketched  in  Fig.  i8  (p.  131)  was  considered  and  tested  with  high- 


"Fig.  22. — Paths  of  current  in  four-section  instrumtnt 

frequency  currents.  The  "hot  wire"  is  of  platinum  o.j  mm 
diameter  and  the  working  portion  is  10.  cm  in  length,  so  that  the 
length  of  each  section,  a,  b,  c,  d  (Pig.  22)  is  2.5  cm;  10  amperes 
give  full  scale  deflection.  The  current  has  four  paths  in  the 
instrument,  which  makes  a  system  too  complex  for  complete 
theoretical  solution  at  all  frequencies.  However,  the  current 
distribution  can  be  calculated  for  frequencies  so  great  that  the 
resistance  is  a  negligible  portion  of  the  impedance,  which  will 
enable  interpretation  of  the  experimental  restilts. 

The  two  leads,  shown  at  the  extreme  left  comers,  did  not  enter 
precisely  at  the  comers;  the  effect  of  this  will  be  considered  later. 
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In  the  calctilation  it  is  necessary  to  take  account  of  the  self- 
inductance  of  each  part,  as  well  as  the  mutal  inductances  between 
parts,  as  follows.  Maty  A^tz»  Mjb,  M^a,  and  the  other  equal  mutual 
inductances  of  similarly  situated  parts.  We  may  neglect  the 
smaller  mutual  inductances  Meh,  M/^,  Macy  Mad,  M^^y  Mke*  ^Qd 
the  similar  mutual  inductances  equal  to  these.  For  frequencies 
so  high  that  the  resistance  is  negligible  compared  with  the 
reactance,  the  condition  that  the  potential  difference  be  the  same 
between  the  ends  of  each  branch  of  the  system  is: 

Lejli  +I2)  +LJ,  ■\-LfI,  -MaiJ^  +Mta(/a  +/.  4-/4) 
=L,(/,+/,)  +LjJ,+L,(I,+I,)  +L,(I,+I,+Q  +Mj,(I,+i;) 

-Mjttl^  +  Mtil, 
=^L,(I,+i;)+Li,(I,+i;)+LJ,-^UI,+LiI,+L,(I.+h+L) 

The  four  terms  underlined  in  these  equations  are  the  only  ones 
that  might  be  taken  into  account,  at  first  thought,  in  the  con- 
sideration of  the  high-frequency  behavior  of  this  kind  of  instru- 
ment. As  a  matter  of  fact,  these  terms  are  quite  small  compared 
to  others  in  the  equations,  as  may  be  seen  from  the  following 
numerical  values  of  the  inductances. 

Many  of  the  inductances  in  the  equations  are  equal  to  one 
another,  so  that  there  are  only  six  different  ones.  They  may  be 
calculated  by  (5),  (19),  (20),  above,  and  the  following  formula  for 
the  self-inductance  of  a  straight  conductor  of  rectangular  cross 
section,  having  width  »nr  and  thickness  =/8: 


■< 


log 


21 


+0.5  + 


o.2235(a  +  ^ 


] 


(22) 


a  +  13'-^'  I 

This  gives  the  low  frequency  inductance,  but  comparison  with  the 
calculation  (p.  133)  for  a  roimd  wire  shows  that  the  high-frequency 
value  will  be  only  slightly  different.    The  calculation  is  only 
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approximate  anyway,  for  the  bending  of  the  current  arotind  comers 
is  neglected.    The  six  inductances  were  fotind  to  be: 

L^  =43.7  cm 

Mifci=6.9 
Mjfc«-3.6 

Inserting  the  ntunerical  values,  and  adding  an  equation  to 
express  the  summation  of  currents,  there  results: 

109.1/1+  3.4/2  —  110.5/8  —  216.2/4=0 

40.2/1  +98.6/3  —  40.4/,  — 179.4/4  =0 

0  +  33-3^3+  58.4/, -105.7/4=0 

/i+        /,+  /,+  /4-/ 

Solving  for  the  cturents  in  the  four  sections : 

A  =0.495/ 
/i =0.158/ 
/g  =0.190/ 
/<  =0.156/ 

(The  sum  of  the  four  coefficients  is  0.999,  &  sufficient  check  upon 
the  computations) .  The  dissymmetry  of  the  current  distribution 
is  surprisingly  great. 

We  come  now  to  the  essential  characteristic  of  this  type  of 
instrument.  The  currents  in  all  fotu*  sections  affect  the  deflection, 
so  that  there  will  not  be  the  enormous  changes  of  deflection  which 
would  be  expected  if  the  current  in  just  one  section  were  measured. 
The  error  of  the  instrument  is  appreciable,  nevertheless.  It  is 
well  known  that  the  direct  cturent  distribution  of  currents  in  any 
system  is  that  of  minimum  heat  production,  so  that  the  change 
of  distribution  with  increase  of  frequency  means  an  increase  of 
total  heat  production.  As  the  deflections  of  these  instruments 
depend  on  the  total  heat  production,  they  will  read  high  on  high 
frequency.  The  increase  of  total  heat  production  for  a  given 
total  cturent  is  equivalent  to  an  increase  in  the  resistance  of  the 
instrument;  and  it  will  be  seen  from  the  following  that  this  change 
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in  resistance  is  of  a  smaller  order  of  magnitude  than  the  change 
in  cmrent  distribution. 

Consider  a  system  of  any  n  conductors  in  parallel  between  two 
points  of  a  circuit,  all  of  the  same  resistance  and  of  such  cross 
sections  that  the  resistance  of  each  individually  is  not  appreciably 
different  on  high  and  low  frequency. 

hetRk  ='  resistance  of  any  single  branch  of  system, 
R  =  high-frequency  resistance  of  whole  system, 
(R)o = direct-cmrent  or  low-frequency  resistance  of  whole  system, 
n  »  number  of  branches  of  system, 
/»  =  high-frequency  cturent  in  one  branch, 
(/t)o= direct  cturent  or  low-frequency  cturent  in  one  branch, 

/ = whole  high-frequency  cturent  in  circtiit, 
(/)o = whole  direct  current  or  low-frequency  current  in  circuit, 
H  =«=  rate  of  total  heat  production  by  high-frequency  current, 
(//)©= rate  of  total  heat  production  by  direct  current  or  low- 
frequency  current. 

Since  the  resistances  of  all  the  branches  are  the  same, 

ft 

{Do 


(H), 


«(/*)o 


(/*), 


(23) 


-n[i?t(/t).»] 

Or,  (//).  =  (/?)o(/)o' 

Similarly  to  (23) ,  for  high  frequencies, 


-J^MR),^ 


(24) 


A-f» 


//-gi?»/»» 


Or, 


H 


k-ft 
n(i?).y]/»» 

Similarly  to  (24) ,  we  can  write: 

H~RP, 


(25) 


(a6) 
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this  equation  defining  J?,  the  high-frequency  resistance  of  the 
system  as  a  whole.     For  a  given  total  current,  by  (24)  and  (26) , 

H        R  .    V 

or,  obviously,  the  total  rate  of  heat  production  is  proportional 
to  the  resistance  of  the  whole  S3rstem,  for  a  given  cturent  in  the 
circuit. 

We  have,  by  (24)  and  (25), 

or,  for  the  same  total  current  on  high  frequency  as  on  low,  setting 
P  =  {I)o*f  we  have: 

In  a  hot-wire  ammeter  the  scale  and  the  mechanism  for  indi- 
cating the  expansion  are  such  as  to  satisfy  the  following  relation : 

Indicated  /  -  constant  X  V^  (29) 

Indicated  I  for  high  frequency  _    /  H  .    . 

Indicated  /  for  low  frequency     V  Wo 

Returning  to  the  four-section  ammeter  under  consideration » 
we  have  calculated  above  the  numerical  values  of  -j-  for  each  of 
the  four  sections.     Inserting  them  in  (28) , 

7yy-  =  4.[(o.495)2  + (0.158)'  + (0.190)*+ (0.156)']- 1.322 

By  (30),  the  ratio  of  the  indicated  currents  « Vi.322«i.i5j 
i.  e.,  the  instrument  should  read  15  per  cent  high  at  a  frequency 
so  great  that  the  resistance  is  a  negligible  portion  of  the  impedance. 
The  foregoing  calculations  were  repeated  on  the  assumption 
that  the  leads  of  the  instrument  were  connected  at  the  middle 
of  the  two  copper  bars  at  the  points  C  and  D,  Fig.  18,  instead  of 
at  the  points  A  and  B  as  shown.  The  result  of  the  calculation  is 
that  the  change  of  reading  would  be  negligible  at  all  frequencies. 
The  instrument  would  not  read  so  much  as  o.i  per  cent  high  at 
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"infinite"  frequency.  This  result  will  appear  reasonable  upon 
inspection  of  Pig.  18  and  consideration  of  the  impedances  in  each 
current  path.  Hence,  the  location  of  the  leads  is  of  very  great 
importance. 

In  the  instrument  tested  the  leads  actually  were  attached  at 
the  points  E  and  F,  situated  about  two-thirds  of  the  distance 
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Fig.  23. — Effect  of  frwqutncyt  four-s§ction  ammtttr 

C  A  from  C  and  two-thirds  D  B  from  D.  The  error  of  the  instru- 
ment is  certainly  intermediate  between  the  two  cases  already 
calculated,  and  we  may  roughly  assume  it  to  be  two-thirds  that 
calculated  when  the  leads  are  connected  at  the  comers.  It  should 
therefore  read  two-thirds  of  1 5  per  cent  high  at  '*  infinite  "  frequency, 
i.  e.,  10  per  cent  high.  The  readings  which  the  instrument  gave 
experimentally  are  plotted  in  Fig.  23.    The  readings  are  found 
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from  the  curves  to  be  1 1.5  per  cent  high  at  a  frequency  of  750  000, 
and  6  per  cent  high  at  300  000,  and  at  100  000  to  be  the  same 
as  on  direct  current. 

A  consideration  of  the  resistances  and  inductances  and  a  com- 
parison with  the  calculations  for  the  two*section  instrument 
above  indicate  that  the  current  distribution  at  a  frequency  of 
750  000  is  here  practically  the  same  as  at  ''inlSnite"  frequency. 
(The  resistance  of  each  of  the  fom*  sections  was  0.04  ohm.)  The 
agreement  between  the  theoretical  value  of  10  per  cent  for  ''  infi- 
nite" frequency  and  the  observed  value  of  1 1 .5  per  cent  for  750  000 
is  quite  satisfactory.  There  is  some  possible  question  as  to 
whether  the  expansion  of  the  hot  wire  for  a  given  total  heat 
production  will  be  the  same,  when  the  distribution  of  heat  along 
it  is  uniform,  and  when  more  heat  is  produced  in  some  sections 
than  others;  this  is  the  question  of  the  validity  of  equation  (29). 
Any  error  due  to  this  cause  will  probably  be  small  and  will  be 
reduced  an  unknown  amotmt  by  heat  conduction  along  the  wire. 

4.  ADDinONAL  COMMSRCIAL  INSTRUMBNTS 

Although  it  has  been  shown  that  an  instrument  of  the  t3rpe 
under  consideration  can  be  improved  by  symmetrical  location  of 


Fig.  24. — "(/nsfamttd**  ammtt§r  of  six  sections 

the  current  leads,  it  does  not  always  follow  that  such  instruments 
can  thus  be  entirely  freed  from  error.  This  is  shown  in  the  case 
of  a  six-section  instrument  represented  in  diagram  in  Pig.  24. 
The  hot  wire  A  B  is  about  10  cm  long.  The  heavy  lines  indicate 
copper  bars,  which  are  connected  to  the  hot  wire  by  flexible 
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wires.  As  indicated,  the  current  enters  and  leaves  at  center 
points  of  the  connecting  bars.  However,  inspection  of  the  diagram 
suggests  that  there  are  differences  of  current  distribution  because 
the  inductances  of  the  several  current  paths  differ  materially. 
It  was  found  by  a  calculation  similar  to  that  made  for  the  four- 
section  instrument  above  that  this  instrument  should  read  8 
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per  cent  high  at  a  frequency  so  great  that  the  resistances  are 
negligible  portions  of  the  impedances.  The  results  of  actual 
measurement  at  750  000  are  plotted  in  Pig.  25,  from  which  the 
increase  of  reading  is  found  to  be  3  per  cent.  It  was  not  to  be 
expected  that  the  resistances  would  be  negligible  at  750  000, 
because  the  hot  wire  was  of  a  high-resistance  material.  Never- 
theless, the  wire  was  relatively  thick,  having  a  diameter  of  0.3  mm, 
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SO  that  the  resistance  was  not  very  much  greater  than  the  resist- 
ance of  the  copper  wires  in  the  two-section  experimental  instru- 
ment described  above.  The  observed  change  of  3  per  cent  at 
750  000  is  therefore  of  the  proper  theoretical  order  of  magnitude. 
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Fig.  26. — Performance  of  instrument  with  tivo  symmetrical  sections 

The  instrument  was  provided  with  a  device  for  reducing  its 
I'd^g^y  by  opening  the  circuits  at  points  x,  y,  u,  2,  putting  the 
two  halves  of  the  hot  wire  in  parallel.  The  range  was  then  3 
amperes,  while  with  six  sections  in  parallel  it  should  have  been 
9  amperes,  with  direct  current  or  low-frequency  current.  The 
latter  range,  however,  actually  was  8.7  amperes,  being  reduced 
by  the  resistances  in  the  connecting  bars  and  wires  (thus  giving 
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a  hint  of  what  was  to  be  expected  at  high  frequencies,  when  the 
mductances  are  all-important) .  Theoretical  consideration  of  the 
instrument  on  low  range,  with  merely  the  two  halves  of  the  hot 
wire  in  parallel,  shows  that  there  should  be  no  changes  of  reading 
with  frequency;  and  this  was  verified  by  observations  at  various 
frequencies,  as  shown  in  Fig.  26. 
The  results  of  measurements  upon  a  commercial  "unshunted" 
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Fig.  27. — Efffct  o/frwqiMicyt  commercial  tax^section  ammeitr 

ammeter  of  two  sections  are  given  in  Fig.  27.  The  diagram  of  this 
instrument  is  about  the  same  as  Fig.  19.  Its  indicating  device 
was  of  the  ordinary  expansion  type.  At  a  frequency  of  750  000 
the  reading  was  7  per  cent  high,  which  is  the  order  of  magnitude 
that  theory  would  lead  us  to  expect. 
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5.  SUMMARY 

To  sum  up  the  investigation  of  the  so-called  unshunted  tjrpe 
of  hot-wire  ammeter,  it  has  been  seen  that  this  type  is  subject 
to  serious  errors,  due  to  the  self  and  mutual  inductances  of  parts 
which  have  ordinarily  been  thought  negligible,  and  that  the 
errors  can  be  predicted  from  a  theoretical  consideration  of  the 
impedances  of  the  parts.  These  errors  can  be  avoided  in  some 
cases  by  S3rmmetrical  location  of  the  current  leads.  The  errors 
can  be  eliminated  in  the  range  of  radiotelegraphic  frequencies 
by  using  hot  wires  of  very  high  resistance,  but  not  by  using  wires 
of  moderate  resistivity,  such  as  platinum  or  bronze,  especially 
if  not  kept  to  very  small  diameters.  Since  most  of  each  current 
path  is  made  up  of  bars  or  strips  of  very  low  resistance  but  very 
considerable  inductance,  the  current  distribution  at  a  given 
frequency  is  more  affected  by  the  inductances  than  in  the  parallel 
wire  type,  and  therefore  the  distribution  for  theoretically  infinite 
frequency  is  practically  reached  at  a  much  lower  frequency. 

Having  found  these  various  errors  in  the  two  types  of  ammeter 
employing  hot  wires,  let  us  turn  to  a  consideration  of  instruments 
in  which  the  wires  are  replaced  by  a  thin  strip  of  metal. 

V.  THE  STRIP  AMMETER 

By  the  use  of  a  thin  strip  or  sheet  of  metal  instead  of  wires 
as  the  working  resistance,  an  ammeter  can  readily  be  made  to 
carry  very  large  currents.  Such  instnunents  are  coming  into 
use  in  the  high-power  radio  stations.  The  first  requirement  is 
that  the  strip  be  so  thin  that  its  resistance  does  not  change  with 
frequency.  In  the  instruments  whose  deflections  are  produced 
by  the  expansion  of  the  sheet  of  metal  it  is  found  in  practice  that 
the  mechanical  inequalities  of  a  thin  metal  sheet  make  it  neces- 
sary to  use  only  a  narrow  strip  as  the  indicating  portion.  As  the 
sheet  must  have  considerable  width  in  order  to  carry  large  cur- 
rents, it  must  therefore  be  slit  or  otherwise  subdivided.  Con- 
sequently the  deflections  depend  on  the  current  in  one  part  of 
the  sheet  and  not  on  the  whole  current.  As  the  frequency  is 
increased,  the  deflection  changes  as  the  current  distribution 
changes.  The  errors  are  much  larger  than  they  would  be  if 
the  deflections  depended  on  the  resistance  of  the  whole  sheet. 


^MNms^ 


High-Frequency  Ammeters 


149 


The  changes  of  current  distribution  and  resistance  with  frequency 
have  not  been  theoretically  worked  out  for  thin  strips  of  finite 
width,  but  from  the  experiments  made  some  conclusions  can 
be  drawn. 

1.  EXFBRIMBNTS  ON  CURRBNT  DISTRIBUTION  IN  STRIPS 

« 

The  first  requirement  of  these  instruments,  viz,  that  the  strip 
must  be  thin  enough  not  to  change  in  resistance  with  frequency 
was  emphasized  by  the  following  experiments.  A  strip  of  phosphor- 
bronze  0.07  mm  thick,  6.2  mm  wide,  and  1 1 .1  cm  long  was  s(ddered 
at  the  ends  to  two  wires  at  right  angles  to  the  strips.  Two  rec- 
tangular portions  at  the  middle  were  cut  away,  as  shown,  leaving 


Fig.  28. — Metal  strip  for  investigaticn  of  current  distribution 

three  parallel  strips  i  cm  long  and  1.2  mm  wide  separated  by 
spaces  of  the  same  width.  A  thermocouple  was  soldered  in  ttun 
on  each  of  these  three  strips  and  the  apparent  change  of  current 
in  each  was  observed  for  different  frequencies.  The  results  are 
summarized  in  Table  7. 

TABLE  7 

Per  Cent  Increase  of  Apparent  Current  in  Phosphor-Bronze  Strip 


Wn^mmej 

150000 

500000 

1000000 

1500000 

IDddtoMv. 

PWMOt 
+0.9 

+2.5 

Ptrecot 
+4.6 
+8.6 

Percent 

+  8.2 
+12.4 

Ptrctnt 
(+12.0) 
(+21.0) 

BCmui  wiilM*  slflp. .... 

The  observations  at  i  500  000  were  made  with  insufSdent 
sensibility  and  are  uncertain,  but  all  the  results  show  a  very 
marked  increase  of  apparent  current  with  increase  of  frequency, 
no  matter  at  what  point  of  the  strip  observations  are  made. 
This  means  a  large  increase  of  resistance  with  frequency.  This 
effect  would  be  much  larger  in  a  copper  strip,  and  copper  would 
have  been  used  in  this  experiment,  the  purpose  being  to  show 
the  resistance  change  at  its  worst,  but  this  could  not  be  done 
because  a  copper  strip  with  its  low  resistance  did  not  get  hot 
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enough  with  the  currents  used  to  give  measurable  deflections. 
The  resistivity  of  the  phosphor-bronze  was  four  times  that  of 
copper. 

The  foregoing  experiment  illustrates  another  effect,  viz,  the 
tendency  of  the  current  at  high  frequencies  to  crowd  toward  the 
outer  edges  of  the  conductor.  In  fact,  the  difference  between 
the  cturent  in  the  middle  and  the  outer  strips  was  really  greater 
than  appears  from  Table  7,  because  the  convection  and  conduc- 
tion of  heat  tended  to  equalize  the  temperatures. 

It  would  be  expected  that  in  strips  of  higher  resistivity  the 
changes  of  resistance  and  of  current  distribution  would  be  less. 
This  was  proved  by  repeating  the  above  experiment  with  a  strip 
of  high-resistance  metal — ^resistivity  thirty-six  times  that  of  copper. 
The  dimensions  were  the  same  as  in  Fig.  28,  except  the  thick- 
ness, which  was  0.03  mm.    The  results  of  measurement  were : 


TABT.K  8 
Per  Cent  Increase  of  Current  in  High-Resistance  Strip 

Fn^macf 

500000 

1000000 

1900000 

MMdlt  itrip        ,  . , , 

P«r  eent 

P«r  eent 
-0.5 
+0.3' 

Ptr  cMt 

—1.7 

TC Wn  VnV'wf  Klip ••••••••.••••••••••■...•. 

0.0 

+0.9 

It  appears  that  the  strip  is  thin  enough  and  the  resistivity  great 
enough  so  that  there  is  no  appreciable  change  of  resistance  up  to 
I  500000.  The  change  of  current  distribution,  however,  is  per- 
ceptible, and  is  really  greater  than  the  results  show,  because  of 
heat  conduction  and  convection.  Since  the  deflection  of  an 
ammeter  depends  on  the  temperattu-e  of  the  indicating  strip,  this 
equalization  of  temperattu-e  over  the  strip  is  actually  an  advantage, 
reducing  the  effects  of  change  of  current  distribution.  In  the 
ammeters  described  below,  the  parts  of  the  strip  were  not  separated 
by  spaces  as  wide  as  i  mm,  as  in  the  present  experiment,  so  the 
temperature  differences  would  be  still  less.  Finally,  since  amme- 
ters for  such  large  currents  would  rarely  be  used  for  frequencies  as 
high  as  I  000  000,  it  may  be  said  that  in  an  ammeter  with  the 
working  strip  made  of  this  high-resistance  metal  no  error  is  intro- 
duced by  the  strip  itself. 
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Measurements  were  made  on  a  simple  ammeter  of  the  strip 
type.  A  side  view  of  the  instrument  is  given  in  Fig.  29.  B  and  B' 
are  massive  brass  blocks  of  square  cross  section.  S  is  a  vertical 
thin  strip  of  resistance  metal,  soldered  at  the  ends  into  the  brass 
blocks.  The  strip  is  0.07  mm  thick,  and  the  resistivity  is  about 
the  same  as  that  of  the  strip  studied  in  the  preceding  paragraph. 
The  mechanism  for  indicating  the  expansion  is  attached  by  a  wire 
to  the  point  I.  The  strip  is  slit  as  shown,  so  that  only  the  expan- 
sion of  the  center  portion  is  measured.  The  large  brass  blocks 
help  to  dissipate  the  heat,  which  is  the  main  concern  in  an  ammeter 
for  large  cturents.  The  results  of  measurements  are  given  in 
Fig.  30.  As  shown,  its  readings  decreased  1 1  per  cent  at  750  000 
and  4  per  cent  at  300  000,  and  were  practically  the  same  at  100  000 


B 


B' 


Fig.  29. — Strip  ammetgr  with  rectangular  terminal  Nocks 

as  on  direct  current.  This  result  is  surprising,  in  view  of  the  con- 
clusion reached  above,  that  the  changes  of  current  distribution 
in  strips  of  this  high  resistivity  should  be  negligible.  All  is 
explained  when  the  massive  terminal  blocks  are  considered.  The 
resistance  of  these  is  insignificant  compared  to  the  resistance  of 
the  strip,  but  their  inductance  is  certainly  comparable  with  that 
of  the  strip.  For  one  thing,  the  path  of  the  ciurent  in  the  blocks 
is  longer  than  in  the  strip,  and,  moreover,  is  not  of  exceedingly 
greater  cross  section,  because  at  these  frequencies  it  is  known 
that  the  current  flows  in  a  thin  skin  on  the  surface  of  such  conduc- 
tors. Thus  more  current  will  be  flowing  to  the  outer  edges  of  the 
thin  strip  than  to  its  middle  portions. 

While  the  readings  decreased  when  the  expansion  of  the  middle 
portion  was  measured,  they  should  increase  if  the  expansion  of 
the  upper  or  lower  part  of  the  strip  were  meastu-ed.     It  seemed 


152 


Bulletin  of  the  Bureau  of  Standards 


{Vol.  to 


worth  while  to  verify  this  experimentally,  and  to  do  so  the  indi- 
cating mechanism  was  attached  to  a  point  on  the  upper  part  of 
the  strip  instead  of  at  the  point  I*  The  readings  then  increased 
8  per  cent  at  750  000  and  4  per  cent  at  300  000.  The  changes 
of  current  distribution  are  really  larger  than  the  results  indicate, 
because  the  temperattues  of  different  parts  of  the  strip  are  equalized 
to  a  considerable  extent  by  heat  conduction  and  convection.    The 
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existence  of  the  heat  flow  between  parts  at  different  temperatures 
is  verified  by  the  fact  that  on  high  frequency  the  reading  was  ob- 
served to  come  up  to  its  final  value  more  slowly  than  on  low 
frequency  for  which  the  heat  production  was  the  same  in  all 
parts.  Furthermore,  the  effect  of  convection  could  be  reduced 
by  placing  the  strip  in  a  horizontal  plane,  when  the  observed 
change  from  low  to  high  frequency  should  increase.    This  was 
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tried,  and  the  increase  was  found  to  be  i  per  cent,  both  at  750  000 
and  300  000. 

The  terminal  blocks  can  be  so  designed  as  to  reduce  their  efifect 
on  the  current  distribution  across  the  thin  strip  .  For  example,  an 
improvement  in  this  direction  is  to  make  the  blocks  wedge-shaped 
as  in  Fig.  31.  The  top  sketch  is  a  top  view  and  the  following  one 
a  side  view  of  another  ammeter  tested.  As  the  current  passes  along 
the  block  toward  the  strip,  it  tends  more  and  more  to  become 
distributed  uniformly  with  respect  to  the  breadth  of  the  strip. 
The  results  of  measurements  are  plotted  in  Figs.  32  and  33  for  two 
instruments  of  this  type  having  strips  0.03  mm  thick  and  of  the 
same  resistivity  as  before.    There  is  no  change  of  reading  at 


Fig.  31. — Strip  ammtUr  with  w§dg9-skap€d  Urmhial  blocks 

100  000  and  300000,  and  at  750000  the  decrease  is  somewhat 
less  than  3  per  cent.  The  shaping  of  the  terminal  blocks  decidedly 
improves  the  instnunent. 

A  still  further  improvement  is  found  in  the  instrument  repre- 
sented in  diagram  in  Fig.  34.  This  design  is  due  to  Mr.  F.  W. 
Roller.  The  thin  strip  is  soldered  at  its  ends  to  rather  long  rods,  at 
opposite  ends  of  which  the  current  is  introduced.  Each  part  of 
the  strip  has  in  series  with  it  about  the  same  amount  of  rod  im- 
pedance, and  hence  no  change  of  cturent  distribution  should  take 
place.     This  was  confirmed  for  frequencies  up  to  750  000. 

The  changes  of  current  distribution  with  frequency  in  the 
terminal  blocks  of  strip  instruments  are  the  counterparts  of  the 
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effects  in  wire  instruments  due  to  the  self-inductances  of  part 
other  than  the  hot  wire,  e.  g.,  Figs.  14  and  19.     The  remedy,  th< 
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Fig.  3A.—Strip  aumMttr  with  rod  Urmbu^ 

type  of  current  lead  shown  in  Fig.  34,  is  the  counterpart  erf  th< 
disposition  (tf  leads  su^;ested  in  Fig.  15. 

J.  CTLDTORICAL  ARRAHGEMEITT 
An  instrument  which  avoids  most  of  the  difficulties  is  one  h 
which  strips  are  arranged  in  parallel  equidistantly  on  a  cylindrica 
surface,  so  that  each  has  the  same  set  of  mutual  inductances  wit! 
respect  to  the  others.  This  is  the  same  principle  as  in  the  win 
instrument  shown  in  Fig.  16.  If  the  strips  are  put  closer  ant 
doser  together  this  type  approaches  the  limiting  case  of  a  thii 
tube,  which  theoretically  has  uniform  current  distribution  01 
h^h  and  low  frequencies.  Such  an  instnunent  employing  strips 
the  expansion  of  one  of  which  is  measured,  has  been  designed  bj 
R.  Hartmann-Kemi^  '*  and  is  now  on  the  market.  The  stri] 
must  be  thin  enough  and  of  such  high  resistivity  that  it  does  tur 
change  appreciably  in  resistance  at  the  frequencies  used.  It  i 
very  difficult  in  practice  to  get  such  thin  strips  of  uniform  thickness 
so  that  the  resistances  of  the  strips  are  likely  to  differ,  althot^l 
the  inductances  would  be  equal,  which  would  cause  conslderabh 
changes  of  reading  with  frequency.  Strips  of  platinum  or  o 
platinum-rhodiiun  are  used  in  such  instruments  because  of  thei 
excellent  thermal  qualities,  but  their  rather  low  resistivity  makej 
them  subject  to  this  source  of  error.  This  kind  of  strip  instru 
ment  was  not  tried  out  because  none  was  available  to  the  writer 
but  its  principle  and  performance  are  illustrated  by  the  instru 
ment  of  Fig.  16. 
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4.  SUMMARY 

To  summarize  the  consideration  of  the  strip  ammeter,  the 
thin  strip  with  its  terminal  blocks  or  other  leads  is  a  complex 
problem.  By  using  thin  enough  strip  of  high  enough  resistivity 
the  effects  of  resistance  change  and  cturent  distribution  within 
the  strip  itself  can  be  made  negligible,  but  the  current  distribution 
in  the  terminals  may  greatly  alter  the  current  distribution  in 
the  strip  at  high  frequencies.  This  can  be  avoided  by  suitable 
shaping  and  connection  of  the  terminals.  A  good  way  to  avoid 
the  errors  is  to  arrange  strips  in  parallel  on  the  surface  of  a  cylinder. 
Great  care  is  necessary  to  see  that  the  different  strips  in  this 
arrangement  are  sufficiently  uniform  in  resistance. 

In  concluding  the  description  of  this  investigation  the  author 
desires  to  express  his  thanks  to  Prof.  E.  B.  Rosa,  of  the  Bureau 
of  Standards,  and  to  Prof.  E-  P.  Adams,  of  Princeton  University, 
for  their  helpful  encouragement,  and  to  Mr.  F.  W.  Roller,  of 
New  York  City,  for  the  loan  of  instruments. 

VL  CONCLUSIONS 

I .  The  circuit  within  a  high-frequency  ammeter  must  be  of  as 
simple  form  as  possible.  This  requirement  is  best  fulfilled  by  a 
single  straight  wire  of  very  small  diameter,  and  no  other  arrange- 
ment can  be  taken  as  k  priori  reliable  at  all  frequencies.  The 
heat  production  is  readily  measured  in  any  form  of  circuit,  and 
in  consequence  all  successful  ammeters  for  high  frequency  utilize 
the  thermal  effect.  The  thermometric  means  of  measuring  the 
heat  production,  whether  expansion,  calorimetric  effect,  resist- 
ance, or  thermal  emf ,  does  not  affect  the  accuracy.  Two  similar 
wires  in  parallel,  the  integrated  heat  production  in  the  whole 
being  meastu-ed,  constitute  a  system  nearly  as  reliable  as  a  single 
wire.  With  such  a  system,  in  an  oil  bath,  ciurents  up  to  lo  amperes 
can  be  measured.  For  larger  currents  other  combinations  of 
cturent  elements  are  necessary,  and  a  great  variety  of  ammeters 
have  been  developed  and  have  been  studied  experimentally  and 
theoretically  in  this  investigation.  Experimental  instruments, 
and  commercial  instruments  of  three  different  companies,  have 
been  included.    All  the  types  in  use  are  subject  to  errors  when 
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used  at  the  frequencies  of  radiotelegraphy,  the  errors  bemg  in 
some  cases  very  large.  In  some  the  readings  increase  with 
increase  of  frequency  and  in  others  decrease.  In  most  cases  the 
design  can  be  so  changed  as  to  eliminate  the  errors. 

2.  The  current  in  a  conducting  circuit  has  no  meaning  for 
extremely  high  frequencies;  for  in  any  circuit,  above  a  certain 
high  frequency,  the  capacity  between  parts  of  the  circuit  and  of 
auxiliary  apparatus  is  so  important  that  an  appreciable  fraction 
of  the  current  is  shunted  through  the  dielectric  and  the  current 
is  of  different  amount  m  different  parts  of  the  wire  circuit.  This 
was  demonstrated  for  the  circuits  used  in  these  experiments 
at  a  frequency  of  i  500  000  (wave  length  « 200  meters) ;  for  the 
current  was  found  to  be  different  in  two  ammeters  in  series, 
because  of  the  large  capacities  to  earth  of  lead  wires  and  galva- 
nometers. The  apparent  errors  due  to  this  effect  were  of  the 
order  of  5  per  cent.  A  way  was  found  to  eliminate  the  effect, 
for  the  purposes  of  ammeter  comparison. 

3.  The  changes  of  current  distribution,  in  the  instruments 
whose  working  parts  were  of  low-resistivity  metal,  all  occurred 
in  about  the  range  of  radiotelegraphic  frequencies,  100  000  to 
I  500  000.  That  is,  the  current  distribution  was  constant  for 
frequencies  from  o  up  to  about  100  000,  then  underwent  changes 
and  became  constant  at  different  values  for  frequencies  above 
about  I  500  000.  The  agreement  of  the  range  of  these  changes 
with  the  frequencies  of  radiotelegraphy  is  a  remarkable  coincidence. 
For  these  instruments  and  the  circuits  used,  in  view  of  this  fact 
and  conclusion  (2),  just  above,  it  may  be  said  that  i  500  000  is 
physically  infinite  frequency  in  two  senses. 

4.  The  order  of  agreement  found  between  theoretical  calcu- 
lation and  experiment  shows  that  the  ordinary  formulas  for  self 
and  mutual  inductances  of  finite  linear  parts  of  a  circtiit  hold 
for  the  short  lengths  used.  In  view  of  the  frequencies  used 
and  the  fact  that  the  oscillations  were  somewhat  damped,  this  is 
one  of  the  more  interesting  results  of  the  work  from  the  standpoint 
of  pure  science. 

5.  An  approximate  experimental  method  for  investigation  of 
the  current  distribution  in  thin  strips  at  high  frequency  has 
been  devised,  and  used  to  obtain  qualitative  results.    Further 
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investigation  of  thin  strips  as  to  current  distribution  and  resist- 
ance, both  experimentally  and  theoretically,  is  recommended  as 
a  subject  for  research.  The  subject  will  increase  in  importance, 
for  probably  more  current  can  be  carried  with  a  given  skin  effect 
error  by  a  thin  strip  than  by  a  round  wire  of  the  same  cross 
section. 

6.  Most  of  the  errors  of  commonly  used  high-frequency  amme- 
ters have  been  found  to  be  due  to  the  mutual  inductances,  or  to 
self-inductances  of  parts,  which  had  been  supposed  negligible 

7.  Some  errors  which  have  been  suspected  were  found  negligible. 
Eddy  currents  in  adjacent  masses  of  metal  were  found  to  pro- 
duce no  effect.  The  inductive  actions  of  distant  parts  of  the 
circuit  and  of  the  leads  when  brought  straight  in  to  the  instru- 
ment were  found  negligible.  In  some  cases  the  leads  do  change 
the  readings  appreciably,  when  close  to  and  parallel  to  the  work- 
ing parts  of  the  instrtunent,  and  some  caution  in  regard  to  them 
is  therefore  necessary. 

8.  The  use  of  high-resistance  metals  in  the  working  parts, 
keeping  them  of  very  small  cross  section,  eliminates  errors  in 
most  cases.  This  expedient  has  the  effect  of  moving  the  changes 
of  current  distribution  up  to  frequencies  higher  than  those  with 
which  it  is  desired  to  work.  However,  other  considerations 
sometimes  make  the  use  of  larger  cross  sections  or  of  the  lower 
resistivity  materials  desirable.  In  these  cases,  then,  the  effects 
of  current  distribution  may  be  appreciable  at  ordinary  working 
frequencies. 

9.  The  location  of  the  current  leads  is  of  great  importance, 
particularly  in  the  so-called  tmshunted  ammeter,  determining 
whether  the  error  shall  be  large  or  inappreciable. 

10.  All  errors  due  to  inductive  action  of  the  leads  can  be 
avoided  by  bringing  them  in  at  right  angles  to  the  plane  of  the 
instrument.  This  is  a  very  helpful  arrangement  in  experimental 
instruments  made  to  isolate  and  study  particular  effects. 

1 1 .  In  the  hot-strip  ammeters,  if  the  strip  be  thin  enough  and 
of  suflBdently  high  resistivity,  the  observed  errors  depend  entirely 
on  the  current  distribution  in  the  terminal  blocks,  and  can  be 
eliminated  by  proper  design. 
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12.  An  instrument  free  from  theoretical  objections  consists  of 
current  elements  arranged  equidistantly  on  a  cylindrical  surface, 
the  leads  being  brought  in  to  the  middle  points  of  the  ends  of  the 
cylinder.  The  current  elements  may  be  fine  wires,  or  they  may 
be  replaced  by  thin  strips  of  considerable  width  or  by  a  continuous 
thin  tube.  The  instrument  has  the  limitation  treated  in  the  next 
paragraph,  in  common  with  the  other  types  of  ammeter. 

13.  The  most  insidious  error  of  all  is  nonuniformity  of  resistance 
of  the  working  parts,  in  any  ammeter  for  large  high-frequency 
currents.  Two  wires  or  strips  of  the  same  len^^  and  approxi- 
mately the  same  cross  section  will  have  the  same  self-inductance, 
but  the  resistances  may  be  quite  different  because  of  variations  of 
hardness  and  small  variations  of  cross  section.  Thus  they  may 
carry  exactly  the  same  currents  at  high  frequency,  but  very 
different  currents  at  low  frequency.  This  error  arises  from  the 
difficulty  of  obtaining  and  preserving  wires  and  strips  of  such 
small  cross  section  sufficiently  uniform.  This  error  was  rather 
unexpected,  but  was  surprisingly  evident  in  a  mmiber  of  cases 
investigated.  The  practical  result  is  that  any  high-frequency 
ammeter  whatever,  employing  more  than  a  single  fine  wire,  is 
subject  to  change  of  current  distribution. 

14.  These  experiments  ftunish  very  good  illustrations  of  the 
fact  that  the  changes  of  current  distribution  within  a  particular 
system  are  changes  of  the  first  order  of  magnitude,  compared  to 
which  the  change  of  resistance  of  the  whole  is  of  the  second  order. 
By  taking  advantage  of  this  principle,  it  has  been  shown  that 
some  of  the  types  of  ammeters  can  be  greatly  improved. 

1 5.  In  conclusion,  the  various  effects  which  determine  the  deflec- 
tions of  high-frequency  ammeters  have  been  isolated  and  critically 
studied,  by  experiment  and  by  the  aid  of  theoretical  calculation. 
Some  sources  of  error  which  had  been  suspected  were  found  neg- 
ligible, and  some  other  effects  were  found  to  produce  errors  of  sur- 
prisingly great  magnitude.  Ways  of  eliminating  the  various 
errors  have  been  given. 

Washington,  April  3,  1913. 
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I.  INTRODUCTION 

Although  many  excellent  discussions  of  the  watthour  meter 
have  been  published,  it  was  thought  that  a  thorough  study  of  all 
American  makes  of  a  given  type  of  meter,  made  at  the  same  time, 
would  be  of  considerable  interest  and  value.  In  order  to  obtain 
such  data  each  of  the  six  American  manufacturers  of  direct- 
current  watthour  meters  was  requested  by  the  Bureau  of  Stand- 
ards to  submit  three  5-ampere,  220-volt,  3-wire  meters  for  a 

x6i 
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comparative  test.^  In  most  cases  the  results  given  in  the  following 
discussion  are  the  average  values  obtained  from  tests  of  three 
meters. 

It  should  be  stated  at  the  outset  that  this  test  was  not  intended 
to  be  competitive.  No  attempt  has  been  made  to  rank  the  meters 
according  to  the  results  of  the  tests.*  Any  such  grading  is  very- 
likely  to  be  misleading  as  the  various  features  studied  are  of 
unequal  importance.  Moreover,  the  characteristics  required  for 
different  kinds  of  service  are  unlike  and  would  be  weighted  differ- 
entiy  by  different  engineers.  It  must  be  noted  that  while  labora- 
tory tests  are  valuable,  they  do  not  form  a  sufficient  basis  upon 
which  to  pass  final  judgment  on  a  type  of  meter.  For  such  a 
purpose  practical  experience  with  meters  is  necessary,  such  as  is 
best  obtained  in  central-station  practice. 

n.  PERFORMANCE  DATA 

I.  Load  Curves. — Before  any  tests  were  made  the  meters  were 
inspected  to  see  that  they  were  in  proper  running  order.  They 
were  then  adjusted  to  be  as  nearly  correct  as  practicable  at  the 
ID  per  cent  and  loo  per  cent  loads. 

In  this  discussion  the  load  curve  of  the  watthotir  meter  is  the 
plot  of  the  rate  against  load,  the  rate  being  defined  as  the  ratio  of 
the  watthours  recorded  by  the  meter  to  the  actual  watthours. 
Such  a  curve  has  generally  been  considered  perfectiy  definite  if 
the  tests  are  made  at  standard  temperature  and  voltage  is  kept 
on  the  potential  coil  long  enough  for  it  to  reach  a  steady  state.  It 
was  found,  however,  in  this  test  that  the  heating  effect  of  the 
series  coils  is  by  no  means  negligible.  Evidentiy  then  the  load 
curve  obtained  for  a  watthour  meter  depends  to  an  appreciable 
extent  on  the  time  which  is  allowed  to  elapse  after  putting  each  load 
on  the  meter.  In  this  discussion  the  electrodynamic  load  curve 
will  be  defined  as  one  taken  in  so  short  a  time  that  the  heating 
effect  of  the  series  coils  is  negligible.     In  practice  this  can  be  very 

^  Ezceptioa  wu  made  for  the  Sutigamo  meter,  as  the  smallest  dircct<iirrent  meter  manufactured  br  the 
Sangamo  BIcotric  Co.  is  of  lo  amperes  capadty. 

s  Letters  are  used  as  a  matter  of  convenience  to  designate  the  difFcrcnt  manufactmcrs  as  follows:  A, 
Columbia  Meter  Co.;  B.  Duncan  Electric  Manufacturing  Co.;  C.  General  Electric  Co. ;  D,  dangamo  Eke* 
trie  Co.;  E,  Westin^uNise  Electric  ft  Manufacturing  Co.;  P.  Willis  Electric  Meter  Co.  All  of  these 
ters  are  of  the  commutator  motor  type  excepting  D,  which  is  a  mercury  meter. 
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nearly  realized  by  taking  quick  comparisons  of  the  rate  at  a  given 
load  with  the  rate  at  some  one  load  as  a  standard;  or,  in  other 
words,  by  alternating  the  readings  at  the  two  loads.  In  an  actual 
test  of  this  kind  usually  five  checks  of  the  meter  rate  are  taken, 
alternately  at  the  standard  load  and  the  load  to  be  compared. 
This  makes  three  checks  at  the  standard  load  and  two  at  the  other 
load.  This  proce- 
dtu^  is  then  repeated 
for  another  load  and 
the  standard  load, 
and  so  on.  The  full 
lines  in  Pig.  i  are 
curves  obtained  in 
this  way,  corrected  to 
make  the  10  per  cent 
and  100  per  cent 
load  points  correct. 
Where  corrections  of 
this  sort  were  made 
it  was  done  on  the  as- 
stunption  that  shift- 
ing the  magnets 
moves  the  load  curve 
parallel  to  itself,  while 
adjusting  the  starting 
device  changes  the 
rate  by  an  amount  in- 
versely proportional 

to   the    load.     Some  wm  addtd  ^^ct  of  serUs  coil  tmaUng 

tests  made  on  this  point,  of  which  the  results  are  shown  in 
Table  i  and  discussed  in  paragraph  10  bear  out  the  assimip- 
tion  closely  except  for  meter  D,  and  for  this  meter  such  cor- 
rection was  not  attempted.  The  dotted  lines  in  the  same  fig- 
ure show  the  effect  of  the  heating  of  the  series  coils  in  distorting 
the  load  curve.  Here  again  the  10  and  100  per  cent  load  points 
were  adjusted  to  be  correct.  In  Fig.  2  are  given  what  may  be 
termed  the  "ordinary"  load  curves;  that  is,  no  particular  atten- 
tion was  paid  to  heating  of  the  series  coils,  the  points  being  taken 


Fig.  1.. 


PER  CENT  FULL  LOAD 

Eledrodjmamic  load  curves.     The  same 
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in  as  rapid  succession  as  could  be  conveniently  done,  beginning  at 
the  light  load.  As  before,  corrections  were  applied  to  make  the 
10  per  cent  and  100  per  cent  load  points  correct,  except  for 
meter  D.  In  section  16  will  be  found  a  further  discussion  of  the 
load  curves. 

To  determine  the  magnitude  of  the  heating  effect  of  the  series 
element,  a  given  load  was  held  by  means  of  a  potentiometer  after 
the  potential  circuit  had  come  to  a  steady  temperattue  and  an 

automatic  record  c$ 
the  revolutions  of  the 
meter  was  taken  on  a 
chronograph.  From 
this  record  the  rate 
of  the  meter  at  the 
beginning  of  the  run 
could  be  obtained  and 
the  change  in  rate  fol- 
lowed until  no  further 
change  was  noticeable. 
Such  recxxds  were 
taken  at  several  loads 
to  determine  the  rela- 
tion between  the  total 
change  in  rate  and  the 
load  cturent.  This 
change  was  found  to  be 
very  nearly  propor- 
tional to  the  square  of 
the  current.  Fig.  3  is 
a  tjTpical  chronograph 


1.010 
1.000 

0.990 

1.010 
1.000 
0.990 

1.010 
1.000 

{^0.990 

S 

1.010 
1.000 
0.990 

1.010 
1.000 
0.990 

U010 
1.000 
0.990 


30 


40 


eo 


120   140   106 


80        100 
PER  CENT  FUU.  LOAD 

Hg.  2. — Ordinary  load  curves 

sheet  showing  the  change  in  .rate  of  a  meter  with  the  lapse 
of  time  after  closing  suddenly  on  150  per  cent  of  full-load 
cturent.  The  chronograph  drum  made  one  revolution  in  60 
seconds;  the  vertical  lines  mark  5-second  intervals.  The  curve  is 
drawn  through  points  indicated  by  a  given  number  of  revolutions 
of  the  meter  disk.  This  curve  would  continue  in  the  straight 
line  AB  if  the  rate  of  the  meter  had  remained  constant,  but  due 
to  the  heating  of  the  series  coil  the  rate  decreased  until  the  curve 
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TABLE  1 
Pof  onnance  of  Watthour  Meters 


WatOumr  vuHiu 

A 

B 

c 

D 

B 

F 

F^tnf  fnn  Iffsd  IL  P.  M 

33LO 

1.1 
3L2 

4.2 

2.2 

+a3 
+a2 

as 
as 

Tm 
4.6 
86 

as 

85 
2.5 
240 
34.0 
400 
a  13 

ao6 
ao7 
ao7 

130 
130 
130 

36.7 

SI 
LS 
3.6 

2.2 

+ai 
ao 

a6 
as 

Tm 

5.6 
155 

as 

154 

2.9 
260 
1L6 
400 

a  13 

ao2 
ao6 

(*) 

120 
130 
100 

45.8 

a4 

1.6 

as 

2.S 

-t-as 
-a  4 

as 
a2 

No 

13.8 
68 

a7 

66 

1.1 
260 

S6 
430 

a  19 

ao4 
aos 
ao3 

130 
130 
130 

27.5 

45.8 

as 
ao 
as 

2.6 

-fa  7 
-as 

ao 
a4 

Tm 

22.0 
92 

1.5 

104 

to 

270 

4.7 
440 

a  17 

ao9 
ao7 
aos 

130 
130 
130 

510 

Pv  mbI  tfUEMHiM  io  bilMicj>  il  cnmnt  oWimnln 
]fa.l 

2.6 

lit.  2 

3.2 

Ha.S 

as 

Par  Mat  chaaft  from  iweniiif  atny  flald  il  1  itoM 
flt^dl|ff•d 

ao 

ao 
ao 

2.9 
1.9 

No 

4.6 
35 

-1.5 

38 

2.3 
>500 

ao 

730 

a  0001 

2.7 

x^v  vsni  cnmco  iiuui  mnovnc  oowis: 
HMtinc  ■ .     . 

ao 

MagMtle 

ao 

Pv  €iiit  chw8>  Irani  ravMsins  ytliillys 
ffOptrcantlMd 

as 

100  per  cnt  load 

a2 

V^avVv  msffk^tff 

Tm 

Pmco  if  llftat4MHl  Mllmtimiit,  per  fiont  . 

12.2 

VaiMM  ai  twll  1m  il  AfftlnaHnjMif .  «0r  Cent 

65 

duBfe  of  iight-lofMl  odJiMtuwut , 

LI 

Por  Mat  duuBfo  of  UgU-loMl  nli  by  mufaniim 

65 

Par  ceat  dMBfe  from  dMft  dreuit  00 120  volte 

Iff •vfimtin  p  ■ ■  '^  *  ^fk.nMif  flflMMf  i»l«wMM 

-2.2 

S40 

Por  Mat  dMBfe  by  diort  dfcoM  00  240  vollB 

-3.4 
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ao7 

aos 

No.  2 
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ao4 

an 

CiMiiag¥Ollm>,tovoH»! 

No.  1 
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260 
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lao 

No.  2 
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ISO 

*  The  phio  sign  indicates  an  incicase  in  speed. 

*  Where  no  fignic  is  gircn  of  the  starting  cnncnt  it  indicates  creeping  on  yoltace  only. 
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coincided  with  the  line  CD.  The  dotted  curves  in  Pig.  i,  aheady 
referred  to,  were  obtained  from  runs  of  this  kind.  The  method 
of  getting  an  automatic  record  of  the  rate  of  the  meter  on  a  chrono- 
graph sheet  is  described  on  page  174. 

2 .  Voltage  Curves. — In  testing  the  meters  for  variation  of  rate  with 
voltage  they  were  run  at  full-load  cturent  and  different  voltages, 
each  voltage  being  held  a  sufficient  time  for  the  resistance  of  the 
potential  circuit  to  attain  a  constant  value.  The  curves  plotted 
in  Pig.  4  show  the  results  of  the  test.  The  rate  of  the  meters  is 
less  at  higher  voltages;  this  effect  is  primarily  due  to  the  heating 
of  the  potential  circuits,  which  have  necessarily  a  large  temperature 
coefficient.  It  should  be  noted  that  this  performance  would  be 
slightly  different  at  other  loads,  owing  to  the  relatively  larger  effect 
of  starting  coil  compensation  at  lighter  loads. 

TABLE  2 

Temperature  Coefficients  (Per  Cent  per  Degree  C) 


DUk 


Alfebnk  sum  * 


+ai7 
-t-  .39 
-  .03 
+  .28 
+  .26 


+a3S 

+  .38 

-  .01 
+  .05 
-f  .10 


+a4i 

+  .39 

-  .01 

.00 

+  .10 


+a30 

+  .40 
-  .01 
+  .12 

■¥  .12 


+a4i 

+  .37 

-  .02 

.00 

+  .07 


+a38 

+  .38 
-  .08 
-t-  .06 
+  .11 


*  In  taking  the  turns,  the  ooefBdcnts  of  magnets  were  doubled  and  the  sign  reversed  for  both  potmtial 
drcuit  and  magnet  < 


3.  Temperature  Coefficient — ^The  temperature  coefiScient  of  a 
watt-hour  meter  depends  upon  the  temperature  coefficients  of  the 
potential  circuit,  the  disk,  and  the  drag  magnets.  Nearly  complete 
compensation  for  temperature  variations  is  ordinarily  attained  by 
making  the  temperattu-e  coefficients  of  the  disk  and  potential  cir- 
cuit equal,  as  they  affect  the  meter  in  opposite  directions.  This 
leaves  outstanding  the  temperature  coefficient  of  the  magnets; 
this,  however,  is  usually  small.  Table  2  gives  the  over-all  coeffi- 
cients of  the  meters  and  also  the  coefficients  of  the  parts.  It  may 
be  pointed  out  that  the  temperature  coefficient  of  the  meter  depends 
directly  on  the  algebraic  sum  of  the  coefficients  of  the  disk  and 
potential  circuit  but  on  twice  the  coefficient  of  the  magnets. 
This  is  true  because  the  rate  of  the  meter  is  inversely  proportional 
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Fig.  3. — T^cal  chroHograpli  rteord  skouitng  htating  tfftct  efstrits  eolb 
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to  the  square  of  the  fltix  in  the  magnets.  The  check  between 
algebraic  sums  and  over-all  coefficients  of  the  meters  is  not  very 
close  for  meters  C  and  E.  These  meters  show  more  effect  due  to 
heating  of  the  series  coil  than  the  other  meters  and  this  effect  may 
not  have  been  altogether  eliminated  in  getting  the  coefficients  as 
watthour  meters.  In  a  summation  of  this  kind  small  errors  may 
happen  to  add  together. 

4.  Equality  of  the  Current  Coils  in  Three-wire  Meters. — ^In  three- 
wire  direct-current  meters  the  potentialdrcuitis  generally  connected 

between  the  neutral 
and  one  of  the  outside 
wires.  With  good  volt- 
age regulation  the  rate 
of  the  meter,  with  an 
unbalanced  load,  de- 
pends upon  the  equal- 
ity of  the  two  coils 
of  the  cturent  element. 
To  determine  this 
equality  of  the  coils, 
the  rate  of  the  meter 
was  obtained  by  using 
each  coil  separately. 
The  percentage  differ- 
ence in  these  rates  is 
given  in  Table  i,  and  is 
less  than  2  per  cent  in 
most  cases.  Where 
120  the  inequality  of  the 
coils  amounts  to  2  per 
cent  the  maximum 
error  will  be  only  i  per  cent,  assuming  the  calibration  to  be  cor- 
rect when  both  coils  are  equally  loaded. 

5.  Effect  of  Stray  Field. — To  determine  this  effect  a  field  of  one 
gauss  was  superimposed  upon  that  of  the  cturent  element  in  such 
a  manner  as  to  produce  the  greatest  effect.  This  field  is  equal 
to  that  at  a  distance  of  25  centimeters  from  a  straight  conductor 
carrying  1 25  amperes,  and  is  about  five  times  the  horizontal  compo- 
nent of  the  earth's  field  at  Washington. 
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In  Table  i  is  given  the  percentage  difference  in  rates  due  to 
reversing  this  field.  This  percentage  change  in  rate  should  be  equal 
to  the  percentage  change  in  the  meter  field  due  to  the  stray 
field.  This  is  seen  to  be  very  nearly  true  from  the  values  of  field 
strength  given  m  Table  3,  which  are  necessarily  only  approximate, 
as  the  fields  arenottmiform.  The  values  given  are  for  the  average 
fields  over  the  spaces  in  which  the  armatures  rotate. 

6.  Effect  of  Reversing  Polarity. — As  meters  are  usually  tested  in 
position  it  is  an  open  question  whether  the  polarity  should  be 
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Hg.  5. — OscRlogroms  of  short-circuit  currwnts 

marked.  All  the  meters  have  the  polarity  marked  except  C  and 
D.  Owing  to  the  thermocouple  method  of  light-load  adjustment 
on  meter  D  it  is  clearly  necessary  to  connect  it  in  circuit  with 
definite  polarity,  and  it  therefore  appears  desirable  that  its  polarity 
should  be  marked.  In  Table  i  are  given  the  effects  of  reversing 
polarity  for  both  50  per  cent  and  full-load  current. 

7.  Effect  of  Covers. — ^When  a  meter  is  tested  in  position  it  is 
tisually  necessary  to  remove  the  cover  and  often  necessary  to  test 
it  with  the  cover  off.  It  is  then  a  matter  of  importance  to  know 
what  change  in  rate  is  caused  by  the  removal  of  the  cover.    The 
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change  in  the  rate  may  be  due  either  to  magnetic  material  in  the 
cover  or  to  temperature  changes. 

In  Table  i  will  be  found  the  results  of  this  test.  Meters  C  and  £, 
which  show  the  largest  amotmt  of  the  magnetic  effect,  each  have  a 
small  piece  of  sheet  iron  to  hold  the  glass  window  in  front  of  the  dials. 

8.  Effect  of  Short  Circuits. — As  meters  in  service  are  alwa3rs 
liable  to  be  subjected  to  accidental  short  circuits,  they  should  be 
constructed  so  that  they  will  be  as  little  affected  as  possible.  To 
determine  the  magnitude  of  this  effect  the  rate  was  obtained  after 
ten  times  the  full-load  cturent  had  been  passed  through  the  meter. 
None  of  the  meters  was  appreciably  affected.  The  rate  was  also 
obtained  after  the  meter  was  short-circuited  through  a  fuse  on  1 20 
and  then  on  240  volts.  The  percentage  change  in  rate  is  given  in 
Table  i .  Pigiue  5  shows  some  tjrpical  oscillograms  which  were 
taken  in  each  case  to  determine  the  maximtmi  current. 

9.  Starting  Current  and  Creeping  Voltage. — ^The  current  required 
to  start  the  meters  at  normal  voltage  and  the  voltages  required 
to  make  the  meters  creep  when  no  current  passes  through  the  cur- 
rent element  are  given  in  Table  i .  In  most  of  the  meters  it  is  seen 
that  the  starting  cturent  is  of  the  order  of  i  per  cent  of  the  full- 
load  current.  Very  small  starting  cturent  is  not  necessarily  a  good 
feattu'e,  as  it  may  indicate  too  small  brush  pressure  for  good 
contact.  The  values  of  brush  presstu-e  for  one  meter  of  each  type 
are  given  in  Table  4.  As  this  pressing  may  vary  widely  even 
among  meters  of  the  same  make,  the  values  given  are  useful  only 
in  indicating  the  order  of  magnitude. 

TABLE  3 
Constants  of  the  Coils 


WatdMor  meter 


RetMuiee  of  potenttiil  cirentt  in  duna: 

Mvttiplter 

Starting  ooU 

Annatarc 


Total. 


Piotanttal  circuit  watts 

Cumnt  element:  ReelHance*  dmia. 

Watte  loM,taU  toed 

flux  density  full  load,  gauaees 


3060 

230 

2300 


5610 


2.2 
.26 
6.5 

70 


1340 

12 

1290 


2640 


4.6 
.23 
5.7 

85 


D« 


1790 
930 


2720 


4.4 
.23 
5.7 
75 


5290 


9.2 
.002 

a2 


s 


1710 
980 


2690 


4.S 
.21 
5.2 
70 


1360 


4580 


2.6 
.10 
2.5 
85 


•  Rated  voltage  of  meter  D  was  lao;  of  tlie  others,  ixo. 
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TABLE  4 
Constants  of  Moving  Elements 


^TfllflMlr  iDdv 


A 

B 

c 

D 

B 

7.47 

14.31 

16.69 

3.92 

K92 

96.4 

1S6.2 

lot  8 

7.2 

96.1 

.076 

.092 

.164 

.545 

.155 

.265 

.465 

.240 

.240 

3 

8 

8 

8 

.115 

.150 

.065 

.090 

.065 

11.40 

ia3S 

12.66 

iai8 

12.70 

45.1 

53.8 

37.6 

4ai 

.24 

.57 

L5 

L8 

TaiqM  in  cm-f 

Wtlgkting 

Batio  il  IHVM  I*  w«itfU. 

tlCMnaratalar, 
iter 

i<ltfiA.cm 

i  araurtofe  wUh  110  volte 
f 


2.85 

97.4 
.029 
.195 

3 
.115 

8L54 

32.7 
.34 


TABLE  5 
Constants  of  lybgnets 


(The  dimfnitioin  uc  givai  in  oentimetcn  and  the  flux  denaitks  iii  ganwwj 

WatOumr  mater 

A 

B 

C 

D 

B 

F 

If vn Wf  ^  BUfiiete 

2 

19.4 
2.2 

.28 
5.3 

167 
9700 

2 

26.2 
2.0 

.36 
6.8 
247 
14400 

4 

23.2 

1.4 

.24 

4.4 
304 
7300 

2 

18L1 
2.2 

.29 
3.1 
88 

8100 

4 

24.0 
1.4 

.25 

4.4 
302 
7300 

1 

StMl: 

LnaSh^lm 

ia.3 

Cmt  fltdlMU  qn , 

2.5 

Aircttp: 

ttnaKht^a 

Adjoatebto 
2.5 

Cmtfltdlm.  On . 

K-lWte'4'Wla 

TUtelflm 

v  1300 

f  Taken  with  a.s-nim  air  gap. 

lo.  Range  of  Adjustments  and  Their  Mutual  Effects. — In  Table  i 
it  is  seen  that  the  range  of  the  full-load  adjustment  is  large  com- 
pared with  that  of  the  light  load,  also  that  full-load  adjustment 
shifts  the  whole-load  curve,  while  the  light-load  adjustment  shifts 
each  point  by  an  amotmt  very  nearly  inversely  proportional  to  the 
load.  In  the  case  of  meter  D,  an  increase  in  the  rate  at  light  load 
due  to  the  shift  of  light-load  adjustment  caused  a  decrease  in  the 
rate  at  full  load.  This  peculiarity  is  due  to  the  thermocouple 
method  of  light-load  adjustment.  This  arrangement  consists  of  a 
thermocouple,  heated  by  the  potential  circuit  coil,  which  sends  an 
auxiliary  current  through  the  mercury  chamber.     In  other  words, 
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this  circuit  is  a  shtrnt  circtiit  on  the  mercury  chamber.  At  low 
values  of  the  main  current  this  circuit  adds  to  the  current  through 
the  mercury  chamber,  but  when  the  IR  drop  of  the  main  current 
reaches  a  value  equal  to  the  thermocouple  emf  the  auidliary 
current  becomes  zero  and  for  still  higher  values  of  the  main 
current  some  current  is  forced  backward  through  the  thermo- 
couple, making  a  reduction  in  the  driving  torque. 

A  large  range  of  light-load  adjustment  is  convenient  for  the 
meter  tester,  but  this  has  its  disadvantages.  Too  great  a  range 
of  light-load  adjustment  will  permit  the  meter  to  be  adjusted  to 
be  correct  when  there  is  excessive  friction  and  the  meter  should  be 
either  repaired  or  removed. 

m.  DBTAn^  OF  CONSTRUCTION 

11.  The MoyingElements. — ^Themainconstantsofthemovingele- 
ments  are  given  in  Table  4.  Each  valueof  torque  given  is  the  average 
of  10  values  reduced  to  25^  C,  obtained  with  the  rotating  part  in 
10  positions,  one-tenth  of  a  ttun  apart.  These  measurements  were 
taken  with  full-load  current  and  normal  voltage  of  no  or  220 
volts.  It  may  be  mentioned  that  when  a  meter  is  rated  for  a 
range  of  voltages,  the  highest  voltage  is  generally  used  in  meastuing 
the  torque. 

1 2.  The  Magnets. — In  Table  5  the  ntunber  and  the  dimensions  of 
the  magnets  are  given,  together  with  their  magnetic  data,  deter- 
mined by  Dr.  C.  W.  Burrows  and  Mr.  R.  L.  Sanford.  The  quantity, 
K,  appearing  in  this  table  is  a  double  ratio — ^the  ratio  of  the  length 
of  the  magnet  to  its  cross  section  divided  by  the  ratio  of  the 
length  of  the  air  gap  to  its  cross  section. 

Heinrich  and  Bercovitz  *  divide  this  ratio  by  100  and  call  that 
the  factor  of  safety  against  demagnetization.  This  is  purely  a 
geometrical  quantity  and  of  course  does  not  take  into  consideration 
either  the  composition,  the  temper,  or  the  flux  density  of  the  steel. 
It  is  of  use,  however,  in  estimating  the  probable  permanence  of  a 
magnet  and  in  pointing  out  radical  defects  of  magnet  design. 

13.  MiscellAneous  Details. — ^Pigs.  7  and  8  are  photographsof  allthe 
types  of  meters  with  and  without  covers,  while  Pig.  6  is  a  photograph 
of  the  moving  elements  and  magnets.  Various  details  of  constrac- 
tion  in  the  meters  deserve  special  mention. 

*  Hdarich  und  Beroovitz:  Haadbuch  der  Blectrotechiuk  [5th  ed.],  9,  p.  19.  Ctrcular  to.  Buicanol  Stand- 
ards, p.  17. 
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The  armatures  of  meters  A,  B,  C,  £,  and  P  rotate  from  left  to 
right,  while  that  of  D  rotates  from  right  to  left.  It  is  certainly 
unfortunate  that  all  watthour  meters,  both  direct  current  and 
alternating  current,  as  well  as  ampere-hour  meters,  have  not 
been  designed  to  have  the  same  direction  of  rotation.  But  since 
we  do  not  have  tmiformity  in  this  matter  it  seems  but  reasonable 
that  the  direction  of  rotation  should  be  indicated  by  an  arrow  on 
every  meter.    Meters  A,  D,  and  F  are  so  marked. 

The  spot  on  the  disk  should  be  large  enough  to  be  easily  seen 
and  should  extend  over  the  edge  and  along  the  bottom  of  the  disk. 
While  it  is  a  mere  detail,  it  would  be  a  convenience  in  testing  if 
this  spot  were  located  on  the  same  radial  line  as  the  set  screw  of  the 
disk.  This  would  avoid  the  confusion  which  may  arise  at  the 
higher  speeds,  and  the  spot  could  then  be  used  at  the  beginning  and 
the  end  of  a  nm  to  secure  greater  accuracy.  None  of  these  meters 
were  so  arranged. 

Meters  A,  D,  and  P  have  special  arrangements  for  easily  remov- 
ing the  dials  for  checking  gear  ratio;  in  meter  P,  however,  this 
results  in  freeing  the  upper  pivot.  Meter  P  has  a  cyclometer  dial 
with  a  device  for  equalizing  the  friction  load  on  the  armature. 
Meters  B  and  P  have  special  devices  designed  to  render  the  covers 
more  easily  removed  and  replaced.  Meters  A,  B,  D,  and  P  allow 
observation  of  the  disk  when  the  cover  is  on. 

Meters  A,  D,  and  P  have  micrometer  adjustments  of  the  drag 
magnets  for  regulating  the  rate  of  the  meter.  Meters  E  and  P  use 
a  steel  ball  and  two  jewels  instead  of  a  pivot  and  jewel  bearing. 
Meters  A,  C,  and  E  are  provided  with  springs  to  take  the  weight 
of  the  moving  element  off  the  jewel  when  the  meter  is  to  be  moved. 

nr.  DISCUSSION  of  friction  losses  and  THsm  effect  upon  the 

LOAD  CURVES 

14.  Separation  of  Friction  Losses. — ^There  are  fotu- principal  sources 
of  friction  in  a  watthotu-  meter,  the  brushes,  bearings,  gearing,  and 
windage.  Pew  attempts  have  been  made  to  determine  the  magni- 
tude of  these  losses  separately  and  to  study  their  effect  on  meter 
performance.  Schmiedel,*  however,  has  pubUshed  a  systematic 
investigation  on  this  subject  in  which  he  gives  a  large  number  of 

*  Sdmiedd,  Verhaadltiiig  dci  Vcfdm  mr  Bcfdidcning  dci  Gcwerbfldatcs.  Vob.  89-90,  1910-11.    The 
Btoctrical  Review,  (London)  it*  Dec.  sa,  191  z.    Sdcnoe  AbetracU. 

27647**— 14 2 
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curves  for  the  different   losses  both  in  alternating-current  and 
direct-current  meters. 

To  determine  the  frictional  losses  it  is  necessary  to  remove  the 
drag  magnets,  as  they  produce  most  of  the  retarding  torque,  com- 
pared with  which  the  friction  torque  is  small.  In  physical  measure- 
ments, other  things  being  equal,  the  most  direct  method  of  meastne- 
ment  is  to  be  preferred.  Measurement  of  the  power  input  for  a 
given  speed  gives  the  torque  directly  in  terms  of  the  fidl-load 
torque,  so  from  the  standpoint  of  directness  it  is  the  best  method. 
The  difficulty  with  it  arises  from  the  flatness  of  the  speed-torque 
curve  over  a  considerable  range  of  speeds,  which  causes  the  meter 
to  run  in  a  state  of  indifferent  equilibritun.    This  method  was 
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Fig.  9. — Friction  iorgtu,  mtttr  A 

used  only  as  a  check  except  for  meter  D,  which  has  large  fluid 
friction  due  to  the  mercury. 

In  another  method,  which  will  be  referred  to  as  the  decrement 
method,  an  automatic  chronograph  record  was  made  of  the  revo- 
lutions of  the  moving  element  as  its  speed  decreased  from  a  given 
initial  value  to  zero.  Prom  this  record  and  the  moment  of 
inertia  of  the  moving  element  the  torque  was  calculated.  In 
obtaining  the  chronograph  record  a  transformer  of  small  capacity 
giving  about  3000  volts  was  arranged  so  that  at  each  revolution 
of  the  moving  element  a  spark  was  drawn  from  a  rider  on  the  disk 
to  one  high-tension  terminal,  the  other  terminal  being  grotmded 
on  the  frame.  Only  the  primary  current  of  the  transformer  drawn 
at  1 20  volts  was  passed  through  the  operating  coil  of  the  chrono- 
graph.   An  incandescent  lamp  in  this  circuit  limited  the  current. 
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This  arrangement  gave  automatic  operation  of  the  whole  mecha- 
nism for  getting  the  data  of  the  revolution-time  curves,  while  the 
torque  introduced  by  the  arc  is  inappreciable.  The  record  of 
normal  running  of  a  meter  shown  in  Pig.  3  was  obtained  by  this 
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method.  This  method  of  timing  meters  has  been  developed 
independently  and  described  in  detail  by  Thompson.^*  The  speed- 
torque  curves  for  the  brush,  bearing,  and  gear  friction  shown  in 
Figs.  9  to  14,  inclusive,  were  determined  by  this  method.    To  get 


o 

.jO.6 

3 


»-0<4 


UI 

u 


OJ 


BEARI  IQ    FR  CTIOI 


S: 


Tir-mnTioH 


;!zacD:srci! 


10        20        30        40        50        60 


70        80 


90 


100      110      120      130      140      ISO 


PER  CENT  FULL  LOAD  SPEED 

Fig.  11. — Faction  torqua,  meter  C 

these  values  it  was  necessary  to  take  chronograph  records  as 
described,  first  with  brushes  and  gear  train  on,  then  with  brushes 
off  and  gear  on,  and  finally  with  both  brushes  and  gear  off.  The 
last  of  these  gives  the  windage  and  bearing  friction,  and  the  gear 


^  Tbooipion:  Bkctxical  World.  81,  p.  246;  19x3- 
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and  brush  friction  are  obtained  by  taking  differences.  The  air 
friction  might  be  separated  frx>ni  the  bearing  friction  in  a  similar 
manner  by  taking  runs  in  a  vacuum,  but  as  the  difficulties  of  this 
test  are  considerable,  another  method  for  getting  the  air  friction 
was  adopted.  Thedragof  the  air  may  be  measured  by  suspending 
the  moving  element  by  a  metal  strip  and  rotating  the  case  around 
it.  As  it  was  not  convenient  to  use  the  cases  of  the  meters,  a  box 
having  approximately  the  same  shape  and  giving  about  the  same 
conditions  as  the  case  was  used  instead,  except  for  meter  B, 
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Fig.  12. — Frictkm  torqug,  nmttr  D 

where  both  case  and  box  were  tried.  As  the  results  agreed  closely 
for  this  meter,  the  box  arrangement  was  deemed  a  sufficient 
approximation  for  the  other  meters.  With  the  case  revolving  at 
a  given  speed  the  angle  of  torsion  of  the  moving  element  was  read 
off  by  means  of  a  mirror  with  telescope  and  scale.  The  torque  of 
the  suspension  strip  per  unit  angle  of  twist  was  determined  by 
obtaining  the  period  of  vibration  with  a  disk  of  known  moment  of 
inertia  replacing  the  watthotu*  meter  moving  element.  ^^ 

u  Tlie  tocquein  cftitfanrterHlynes  per  ndian  (57**3)  of  twist  U  given  by  the  eqiuitka 
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wliefc  #C->iiioiBeiit  ol  inettia  in  cga  units  and  T-*  period  ol  vibntion  in  seconds. 
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In  Fig.  15  are  given  curves  obtained  by  the  decrement  method 
with  meter  C  to  determine  the  retarding  effect  of  the  current  in 
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the  current  element.  From  these  curves,  which  were  taken  with 
both  brushes  and  gear  off,  it  is  seen  that  this  retarding  torque  due 
to  the  current  is  comparable  in  magnitude  with  the  bearing- 
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friction  torque.    After  replacing  the  steel  shaft  by  an  aluminum 
one  this  effect  was  found  to  have  practically  disappeared.     Meter  A 
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showed  a  similar  effect,  though  it  has  a  brass  shaft,  but  in  this 
instance  it  appeared  to  be  due  to  the  drag  action  of  the  flux  from 
the  series  coil  on  the  disk  itself,  which  is  close  to  the  current 
element  in  this  meter. 

To  get  the  value  of  the  friction  torque  from  the  chronograph 
records  it  was  necessary  to  analyze  the  revolution-time  curves, 
some  typical  examples  of  which  are  given  in  Fig.  i6.  By  changing 
the  algebraic  sign  of  the  time  the  revolution-time  curve  may  be 
plotted  with  the  instant  of  stopping  as  the  zero  of  time.  The 
curves  of  Fig.  17  were  plotted  in  this  way.  The  advants^  of 
plotting  the  curves  backwards  is  that  the  mathematical  treatment 
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Fig.  15. — faction  torque,  shounng  effect  ofcurreni  in  series  coils 

of  the  problem  is  much  simplified.    The  following  set  of  symbols 
will  be  used  in  this  discussion : 

K  «  moment  of  inertia. 
Q  « torque. 
0  «  angle  of  rotation. 
iV —number  of  revolutions, 
(—time. 
jR— resistance, 
^-flux. 
E— voltfi^e. 
/  —  current. 
m — angular  velocity. 
a,  6,  c,  and  d  »  constants. 
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Considering  the  curve  to  be  plotted  as  if  the  speed  were  increas- 
ing instead  of  decreasing,  and  assuming  the  friction  torque  to  be 
constant,  we  may  write  the  differential  equation  of  motion : 


Integrating : 
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When 
since  the  meter  is  supposed  to  start  from  rest. 


>    •  Cf  1 


We  have  then  as  the  algebraic  equation  of  motion, 


or 


e-\^-c^ 


(2) 


This  is  the  equation  of  a  parabola,  but  it  was  found  that  it  does 
not  fit  the  retardation  curves.  Various  assumptions  might  be 
made  in  writing  the  differential  equation  of  motion  instead  of 
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assuming  the  friction  torque  to  be  constant,  as  was  done  above. 
But  as  it  is  not  known  just  what  assumptions  to  make,  it  appears 
better  to  assume  iV  as  a  function  of  ^  in  the  first  place,  guided  by 
the  restdt  in  the  simple  case  where  the  friction  torque  is  assumed 
to  be  a  constant.  The  simplest  assumption  to  make  is  a  power 
series: 

iV-ao  +  ai^  +  a,f»  +  a,?+ (3) 

The  curves  as  actually  taken  are  for  retarded  motion:  but  if  a 
curve  were  to  be  taken  with  accelerated  motion — ^as,  for  instance, 
by  putting  on  a  driving  torque  varjong  in  such  a  way  that  it  would 
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fig.  17 — Reifoluthn-timt  curves  phtUd  backufards 

be  at  all  times  twice  the  retarding  torque — there  appears  to  be  no 
reason  for  supposing  that  the  shape  of  the  revolution-time  curve 
would  be  different.  That  is,  N  would  have  the  same  absolute  value 
for  the  same  absolute  value  of  t  positive  or  negative.  In  other 
words,  iV  is  a  function  of  the  even  powers  of  <  as  shown  in  Fig.  i8. 
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lis  eliminates  odd  powefs  of  i.    With  these  assumptioiis  the 
eqimtiQii  may  be  written 

N^'oe+bf  (4) 

n^lectifig  all  powers  of  i  above  the  fourth.  This  equation  was 
found  to  fit  the  revolution-time  curves  of  all  the  dectrodyna- 
mometer  meters  with  close  approximation. 

To  get  the  values  of  a  and  6  for  any  given  cturve,  it  is  necessary 
to  solve  two  simtdtaneous  equations : 


N,-a<,>+6/,* 


(5) 


\ 
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a 


Solving: 


6  = 


(6) 


<x%*  -  ^  V 


Before  tnalrjng  the  solutioii  as  above,  an  approximate  solution 
was  first  made  for  very  small  values  of  the  time,  where  the  fourth- 
power  term  is  n^ligible  in  comparison  with  the  square  term.     This 
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gives  the  fraction  of  a  turn  at  the  beginning  of  the  run  and  the  time 
corresponding  to  it.  These  quantities  are  usually  determined 
from  the  first  three  whole  turns  of  the  speed-time  curve  as  here 
considered,  actually  the  last  three  whole  turns  of  the  meter  before 
stopping. 

Assume: 

Ni+x^ait,+yy 

N^'^-x^ait.+yy  (7) 

Where  x  is  the  last  fraction  of  a  turn  and  y  the  time  taken  for  it. 
Solving: 

N,^N,  (8) 

x^aiti-hyy-N^ 

In  some  cases  the  values  of  x  and  y  were  meastu-ed;  that  b,  the 
disk  was  watched  as  it  was  stopping  and  a  punch  made  on  the 
chronograph  sheet  by  hand  at  the  instant  of  stopping.  When  the 
disk  was  accturately  leveled  to  avoid  the  effects  of  unbalancing, 
the  measured  values  checked  closely  with  those  computed. 

Having  these  correction  terms  for  the  ttuns  and  time,  respec- 
tively, a  solution  can  be  made  according  to  equations  (5)  and  (6), 
giving  the  constants  in  the  equation: 

The  first  derivative  of  this  equation  gives  the  speed  in  revolu- 
tions per  second : 

^-^lai+^bfi  (9) 

The  second  derivative  multiplied  by  2v  gives  the  angular  accel- 
eration in  radians  per  second  per  second,  or  the  torque  is  given  by 
the  equation : 

=»  2ir/C(2a  + 1 26^')  cm  — dynes  (10) 

=  ~g^(2a4-i26^')  cm-g 
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Equations  (9)  and  (10)  give  the  necessary  data  for  plotting  the 
speed-torque  curves. 

Owing  to  the  relatively  large  amount  of  fluid  friction  of  the  mercury 
meter  D,  the  method  of  getting  the  friction  torque  from  speed-time 
curves  was  not  very  successful.  The  rotating  element,  under  this 
viscous  damping  only,  will  stop  in  6  or  7  revolutions  after  being  set 
in  motion  at  twice  full-load  speed.  The  friction  torque  of  this 
meter  was  obtained  by  running  it  as  a  watt-hour  meter,  but  with 
magnets  removed.  Two  speed-torque  curves  were  taken  in  this 
way,  one  at  220  volts  and  the  other  at  1 10  volts.  For  the  same 
value  of  ^/ — ^that  is,  for  the  same  torque — ^there  is  a  marked  differ- 
ence in  speed  at  the  two  voltages.  This  is  due  to  the  difference 
in  the  damping  caused  by  the  flux  from  the  potential  circuit  wind- 
ing, which  cuts  the  driving  disk  in  the  mercury  chamber.  Prom 
these  two  curves  the  viscous  damping  plus  bearing  and  gear  fric- 
tion was  deduced.  This  was  done  on  the  assumption  that  the 
magnetic  drag  is  proportional  to  the  square  of  the  fltix.  The  ratio 
of  the  flux  at  1 10  to  that  at  220  volts  was  obtained  by  meastuing 
the  torque,  first  at  10  amperes  220  volts  and  then  with  20  amperes 
I  ID  vohs.  Prom  these  values  the  amount  of  magnetic  drag  at 
1 10  volts  was  computed  for  each  point  and  a  subtraction  made 
giving  the  curve  of  total  friction.     (See  Pig.  12.) 

TABLE  6 
Components  of  Torque 


Toffoa 


Unit 


Sniili  frlcHoB. 


BMrtngliteHra. 


T«talfrictlia. 


Drtgauiact. 
FaniMd 


t 


PtrCMttBlllMd. 

fnUlMMl. 
PwcMtfoUtotd. 

Cfli— (>•••• •«•..••• 

Pwctat  fan  toad. 

e«-t 

Ptrctat  tan  toad. 

cfli— S«  •••■..•••... 
PtrcatittaniMd. 


0.038 
.SO 
.010 
.13 
Oil 
.15 
007 
.10 
.066 
.88 
7.40 
99.12 
7.47 


B 


0.0S7 
.40 
.006 
.04 
.023 
.16 
.016 
.11 
.102 
.71 
14.  n 
99.29 
14.81 


a  127 
.76 
.010 
.06 
.013 
.08 
.018 
.11 
.168 
LOl 
16.  S2 
98.99 
16.69 


a  216 

■5wS0 

8.70 

94.50 

8.92 


ao90 

.60 
.004 
.09 
.012 
.08 
.019 
.13 
.125 
.84 
14.80 
99.16 
14  92 


a024 
.84 


.013 
.44 
.007 
.44 
.044 
1.52 
2.81 
98.48 
2.85 


"  Mostly  Bqtdd  liktioa  torque  whkh  pftrtly  rei^lafcei  the  reUfdinc  torque  of  tl^e  drag  magnets. 
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The  curves  of  Figs.  9  to  14  show  the  results  of  the  work  in 
separating  the  friction  torques  for  one  meter  of  each  type. 
While  the  experimental  di£Sculties  are  considerable,  it  is  believed 
that  the  curves  not  only  give  the  correct  order  of  magnitude 
but  that  they  are  fair  approximations  to  the  actual  quantities. 
As  the  friction  forces,  air  friction  excepted,  vary  from  time  to 
time,  very  accurate  measurements  wotdd  be  of  little  value  even 
if  attainable*  The  general  results  are  m  good  agreement  with 
those  of  Schmiedel.  Prom  the  curves  given  it  appears  that  the 
air  friction  is  probably  responsible  for  nearly  all  the  curvature  in 
the  curves  for  total  friction  torque.  In  the  only  ciu^es  given  by 
Schmiedel  for  air  friction  torque  alone,  he  shows  them  as  straight 
lines;  but  it  is  possible  that  he  considered  the  accuracy  of  deter- 
mination of  those  particular  curves  was  not  sufficient  to  give  the 
departure  from  a  straight  line.  The  friction  torques  due  to  the 
brushes,  the  gearing,  and  the  bearings  are  constant  within 
experimental  error. 

It  should  be  stated  that  the  brush  friction,  which  in  each 
instance  constitutes  more  than  half  the  total,  does  not  depend 
on  the  tjTpe  of  meter  alone,  but  depends  in  large  measure  upon 
the  adjustment  of  brUsh  pressure  for  each  individual  meter. 
Hence  the  data  as  given  here  on  single  meters  can  not  be  used 
to  compare  the  different  types. 

1 5«  Discussion  of  Load  Curves. — ^The  common  explanation  of  the 
shape  of  the  load  curve  of  the  commutator  type  of  direct-current 
motor  meters  is  that  the  rise  in  the  curve  between  light  load  and 
full  load  is  due  to  the  increase  in  friction  at  lower  speeds  and  that 
the  droop  at  overload  is  due  to  the  back  electromotive  force  in 
the  armature.  Measurements  of  the  back  electromotive  force 
show  it  to  be  inadequate  to  explain  this  droop,  as  may  be  seen 
by  reference  to  table  i ,  which  shows  the  largest  value  to  be  only 
0.19  volt. 

The  explanation  mentioned  is  not  only  superficial  but  is  actually 
misleading,  as  it  seems  to  demand  that  the  curve  of  total  friction 
should  pass  through  a  minimum,  which  will  be  shown  to  be  unnec- 
essary. There  is  some  indication  that  at  low  speeds  the  curve 
of  total  friction  torque  passes  through  a  slight  minimum  which 
the  curves  as  drawn  do  not  show.     If  a  meter  with  the  magnets 
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removed  is  driven  as  a  watthour  meter,  it  wiU  not  nm  steadily 
below  1 5  or  20  per  cent  of  full-load  speed.  In  other  words,  this 
is  a  region  of  instability  of  nmning.  This  would  be  a  nattural 
restdt  if  the  friction  torque  curve  has  a  sUght  minimum  at  low 
speeds,  since  for  stable  nmning  it  is  evidently  necessary  that  the 
retarding  force  should  increase  with  the  speed — a  condition  always 
fulfilled  when  the  magnets  are  on,  at  least  within  the  range  of 
working  speeds. 

The  electrodynamic  load  curve  will  be  considered  first;  that  is, 
the  curve  as  it  would  be  were  there  no  heating  effects  from  the 
current  in  the  series  coils.    Let  AB  in  Pig.  19  represent  the  total 
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Fig.  19. 

friction  torque  curve.  Draw  the  straight  line  A'  B'  through  the 
values  of  the  torque  at  10  per  cent  and  100  per  cent  speed.  If 
the  starting  torque  were  made  to  compensate  for  the  friction  at 
the  10  per  cent  point  and  if  the  friction  increased  directiy  as  the 
speed,  or,  in  other  words,  followed  a  linear  law  such  as  indicated 
by  the  straight  line  A'  B',  the  speed  of  the  meter  would  be  pro- 
portional to  the  driving  torque.  That  is,  the  friction  torque 
could  be  added  in  as  part  of  the  retarding  torque  and  would 
follow  the  same  law  as  the  retarding  torque  due  to  the  magnets. 
As  the  retarding  friction  torque  actually  follows  a  curve  concave 
upward,  its  value  is  too  great  below  10  per  cent  load,  too  small 
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for  loads  between  lo  per  cent  and  loo  per  cent,  and  too  great 
above  loo  per  cent  load.  The  meter  as  a  consequence  tends  to 
run  slow  at  less  than  lo  per  cent  load,  fast  between  lo  per  cent 
and  full  load,  and  slow  at  overloads.  All  this  depends  on  the 
assumption  that  the  meter  is  adjusted  to  be  correct  at  the  lo 
per  cent  and  ftdl  load  points,  though  the  general  kind  of  defor- 
mation of  the  load  ctuve  would  be  the  same  whatever  the  adjust- 
ment. Appl3dng  this  theory  to  the  actual  friction  curves  of  the 
meters  it  is  found  that,  taken  together  with  the  back  electro- 
motive force,  it  practically  accounts  for  the  shape  of  the  electro- 
dvnamic  load  curve. 

The  driving  torque  Q^  may  be  anal)rtically  expressed  in  the 
form: 

Q^--C^^Dl{^^^^C^^DJ  -DJf^  (II) 

where  the  constant  C^  represents  the  starting  torque  of  the  light- 
load  adjustment,  /  the  load  current,  E  the  impressed  voltage, 
aw  the  back  electromotive  force,  which  is  proportional  to  the 
speed  «»,  R  the  potential  circuit  resistance,  and  D,  D^  and  Z7,  pro- 
portionality constants.  In  a  similar  way  the  retarding  torque 
may  be  expressed  in  the  form  of  a  series,  omitting  terms  greater 
than  the  square: 

Qr^Cr+D^-^D,€a^  (12) 

where  Cf  is  the  initial  value  of  the  friction  torque,  D^w  the  retarding 
torque  of  the  drag  magnets,  and  D^nnl^  represents  the  change  in 
friction  torque  with  speed. 
For  the  condition  of  running: 

Subtracting  (12)  from  (11)  gives: 


Solving: 


f^^—iCd-Cr^DJ^DJf^^Dy)  (13) 
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Since  DJto  and  D^<ool*  are  only  small  correction  terms  they  may 
be  replaced  by  their  approximate  values  DV*  and  Z?V*»  respec- 
tively, assuming  the  speed  to  be  proportional  to  the  current. 

Substituting  these  values  in  (13)  gives: 


^^■^C^-Cr  +  DJ^(D\-^D';)P] 


(14) 


If  the  meter  does  not  creep  at  no-load : 


« 

C,>Q 

Equation  (14)  may  then  be  rewritten: 
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FSg.  20. — Spud-cwrrmKt  curve,  showing  variation  from  a  straight  line 

The  negative  sign  is  chosen  for  Co  to  indicate  that  under  the 
assumed  conditions  the  meter  will  not  start  until  some  small  value 
of  the  line  current  is  attained.  The  term  involving  P  is  very  small, 
amounting  to  only  three  or  four  thousandths  of  the  term  involving 
/  even  at  the  largest  values  of  the  current.  Figure  20  represents 
graphically  the  variation  of  angular  velocity  with  current  in  the 
series  coils  according  to  equation  (15).  A  straight  line  may  be 
drawn  through  the  zero  cutting  the  cturve  in  two  points  and  so  the 
ratio  of  the  velocity  to  the  current  is  the  same  for  these  two  points. 
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The  significance  of  this  is  that  a  meter  may  be  adjusted  to  be 
correct  at  two  loads  only.  The  departure  of  the  curve  6x>m  the 
straight  line,  as  drawn,  is  greatly  exaggerated. 

The  dotted  lines  of  Pig.  i  show  the  effect  of  heating  of  the  series 
coils  upon  the  load  curve." 

The  reason  for  the  tmavoidable  increase  in  the  rise  of  these 
curves  between  lo  per  cent  and  full  load  can  now  be  understood. 
In  an  ideal  meter  where  there  would  be  no  heating,  the  load  curve 
would  be  the  electrodynamic  curve  AB  of  Fig.  21.     In  the  actual 
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meter  the  current  coils  have  resistance,  and  as  the  heating  is 
proportional  to  the  square  of  the  current,  the  meter  rate  is  reduced 
much  more  at  the  higher  loads  than  at  lower,  so  that  the  curve 
AB  changes  into  AC,  The  curve  AC  may  now  be  shifted  parallel 
to  itself  by  the  full-load  adjustment  until  it  takes  the  position 
DGE,  such  that  when  the  10  per  cent  load  point  is  made  correct, 
the  full-load  point  will  be  correct.  The  point  D  is  made  to 
coincide  with  A  by  changmg  the  friction  compensation.  The 
curve  will  now  have  the  position  AHF,  showing  the  meter  to  be 

'  The  heat  developed  in  the  series  coils  causes  the  resistance  of  both  annature  and  didc  to  be  inoeased. 
The  increase  of  annature  resistance  causes  a  decrease  in  driving  torque  with  a  corresponding  decrease  ia 
the  rate  of  the  meter.  The  increase  of  the  resistance  of  the  disk  causes  a  decrease  in  retarding  torque,  but 
as  the  disk  is  located  at  a  greater  distance  from  the  source  of  heat  than  the  armature  the  dianges  m  these 
torqaes  do  not  balaace. 
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correct  at  10  per  cent  and  full  load  but  running  fast  at  inter- 
mediate loads  where  the  e£fect  of  light-load  compensation  and 
heating  are  both  small. 

An  examination  of  the  various  load  curves  in  Pigs,  i  and  2 
shows  that  the  heating  effect  of  the  series  coils  is  the  chief  factor 
in  determining  the  shape  of  the  load  cturves,  as  the  deformations 
due  to  it  are  greater  than  those  due  to  the  friction  and  back 
electromotive  force. 

We  are  indebted  to  Dr.  P.  G.  Agnew  for  many  valuable 
suggestions  in  connection  with  this  work. 

V.  SUMHARY 

1 .  A  large  amount  of  numerical  data  is  given  in  regard  to  the 
performance  and  construction  of  six  types  of  American  meters. 
(See  Tables  i  to  5,  pp.  165,  166,  170,  171.) 

2.  The  total  friction  torque  is  separated  into  foiu-  parts — ^brush» 
gearing,  bearing,  and  windage  friction — and  curves  are  plotted  of 
these  components  of  torque  against  speed.  A  description  is 
given  of  the  method  used  in  obtaining  these  curves.  (See  Table 
6,  p.  183.) 

3.  The  load  curve  is  analyzed  and  its  shape  is  shown  to  depend 
upon  the  heating  of  the  series  element,  the  variation  in  the  fric- 
tion torque,  and  the  back  electromotive  force. 
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WINDAGE  RESISTANCE  OF  STEAM-TURBINE  WHEELS 

A  CRITICAL  STUDY  OF  THE  EXPERIMENTAL  DATA  WHICH  HAVE  BEEN 
PUBUSHED  AND  OF  EQUATIONS  FOR  REPRESENTING  ITiEM 


By  E  Bocldng^iam 


I.  General  Considerations. — ^The  power  dissipated  in  driving  a 
given  wheel  against  the  resistance  of  the  surrounding  meditun, 
depends  on  the  speed  of  rotation  and  the  mechanical  properties 
of  the  medium. 

If  the  medium  is  an  homogeneous  fluid  such  as  water,  air,  or 
dry  steam,  its  mechanical  behavior  is  determined  by  its  density, 
viscosity,  and  compressibility.  If  the  linear  speeds  involved  are 
all  small  compared  with  the  speed  of  sound  in  the  medium,  the 
energy  of  the  acoustic  waves  generated  is  insignificant,  the  drag 
on  the  wheel  due  to  the  generation  of  these  waves  is  negligible, 
and  the  medium  acts  sensibly  as  if  they  did  not  exist,  i.  e.,  as  if 
it  were  incompressible.  Except  possibly  in  extreme  cases,  it 
can  hardly  be  doubted  that  treating  the  medium  as  incompres- 
sible is  allowable  to  the  degree  of  approximation  needed  in  steam- 
turbine  calculations  or  justified  by  the  accuracy  of  published 
determinations  of  windage  losses.  The  density  and  viscosity  of 
the  meditun  in  which  the  wheel  rotates  are  therefore  the  only 
ones  of  its  physical  properties  which  we  need  to  take  into  accoimt, 
so  long  as  the  medium  is  homogeneous. 

If  instead  of  confining  our  attention  to  a  particular  wheel  and 
casing  we  extend  it  to  other  wheels  of  various  sizes  which  are, 
together  with  their  casings,  geometrically  similar  to  the  wheel 
and  casing  first  considered,  we  see  that  the  power  dissipated  may, 
further,  depend  on  the  diameter  of  the  wheel,  this  single  magni- 
tude sufiSdng  for  the  complete  geometrical  specification  of  the 
system  when  the  shape  is  once  given.    The  shape  itself  may  be 
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specified  by  the  values  of  the  ratios  of  a  number  of  lengths  to 
some  one  length,  such  as  the  diameter  of  the  wheel.  It  is  to  be 
understood,  in  what  follows,  that  when  we  speak  of  wheels  of  the 
same  shape,  or  "geometrically  similar  wheels,''  the  similarity  is 
to  extend  to  the  casings  as  well  as  to  the  wheels  proper. 

Let  P  be  the  power  dissipated  in  driving  a  wheel  of  given 
shape  and  of  diameter  D,  at  a  speed  of  n  revolutions  per  unit 
time  in  an  homogeneous  medium  of  density  p  and  viscosity  /a. 
Then  since  the  power  can  depend  only  on  the  size  of  the  wheel, 
its  speed  of  rotation,  and  the  properties  of  the  medium  we  have 

P=/(p,n,I?,M) 

This  physical  equation  must  consist  of  terms  which  are  all  of  the 
same  dimensions,  and  this  can  be  true  only  if  the  equation  is  of 
the  general  form 

P^'lNffn^ny  (i) 

in  which  the  N's  are  pure  numbers  and  the  a,  0,  7,  8,  of  each 
term  have  a  set  of  values  which  give  that  term  the  same  dimen- 
sions as  P.  There  may  be  any  number  of  terms,  but  for  each 
of  them  a  dimensional  equation, 

[P]^[/fn/^Drpf]  (2) 

must  be  satisfied. 

It  is  most  convenient  to  use  the  ordinary  m,  /,  t  sj^tem  of 
fundamental  units.  If  we  do  so  and  derive  our  other  units  from 
them,  we  have  the  following  dimensional  equations  for  the  quan- 
tities which  appear  in  equation  (i) : 

[p]-[ml-^] 
[D]-[l] 

The  exponents  of  each  term  in  equation  (i)  mtist  therefore  be 
such  as  to  satisfy  a  dimensional  equation 

[ml^]  -^[mH-^t-^l^mH^t-^ 
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The  units  of  m,  /,  and  t  bdng  independent,  this  equation  must  be 
ms  in  each  of  them,  so  that  we  have 


I    llll    A/U^f  I 


I-       a+8       1 

<r=l  —8 

2=  "Sa  +  y-S 

whence 

/9-3-« 

3-     /9  +«      1 

7=-5-28 

as  the  relations  which  must  exist  between  the  exponents  of  each 
term  of  equation  (i). 

If  we  substitute  the  foregoing  values  of  a,  fi,  and  7,  in  equation 
(i)  and  take  out  the  common  factor  (jm^D'),  we  have 

The  number  of  terms,  the  coefficient  N  of  each  term,  and  the 

exponent  8  with  which  the  single  variable  (    \y  j  appears  in  that 

term,  all  remain  indeterminate,  i.  e.,  they  may  have  any  values 
whatever  without  violating  the  dimensional  requirements.  We 
may  also  write  equation  (3)  in  the  simpler  form 

where  ^  is  an  unknown  function  of  ( — ^  V 

For  wheels  of  any  given  shape,  the  form  of  the  function  9  is 
fixed,  but  for  any  other  shape  the  form  of  ^  will  or  may  be  different. 
It  depends  on  the  values  of  a  ntmiber  of  ratios  of  lengths  sufficient 
to  fix  the  shape  of  the  wheel  and  casing,  including  the  closeness 
of  the  casing  to  the  wheel  as  part  of  the  "shape."  These  ratios 
determine  the  values  of  the  iV's  and  B*s  of  equation  (3).    The 

variable  (  —y^  )  has  no  dimensions,  so  that  its  numerical  value  in 

any  absolute  units  is  fixed  by  the  physical  magnitudes  of  fc,  p,  n, 
and  D,  and  is  independent  of  the  magnitudes  of  the  fundamental 
units. 
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2.  Remarks  on  the  Function  9. — Equations  (3)  and  (4)  contain 
all  the  information  obtainable  from  the  principle  of  dimensional 
homogeneity,  and  further  information  must  be  sought  elsewhere. 

The  resistance  offered  by  a  fluid  to  a  solid  body  in  steady  motion 
through  it  may  be  looked  upon  as  a  retarding  drag  due  to  trans- 
verse communication  of  momentum  between  currents  or  layers 
of  the  fluid  which  are  moving  over  each  other  with  different  average 
velocities  and  are  maintained  by  the  motion  of  the  solid  body. 
In  quiet  stream-line  motion,  this  transfer  of  momentum  takes 
place  by  intermixing  on  a  molecular  scale,  i.  e.,  by  interdiffusion  of 
the  different  streams  of  fluid;  and  the  coefficient  of  viscosity, 
fi,  is  a  measure  of  the  activity  of  this  molecular  intermixing. 
But  whenever,  by  reason  of  high  speed  or  of  roughness  or  irregu- 
larity of  the  soUd,  the  motion  of  the  fluid  becomes  very  ttu'bulent, 
the  lateral  transfer  of  momentum  between  different  streams  occurs 
mainly  by  motions  of  relatively  large  masses  of  fluid  in  all  sorts 
of  irregular  cross-currents  and  eddies.  For  any  given  geometrical 
arrangement  of  such  a  state  of  ttu-bulent  motion,  this  molar  trans- 
fer of  momentum  is  evidently  proportional  to  the  masses  involved, 
or  in  other  words,  to  the  density  of  the  fluid. 

We  must  therefore  expect  that  when  the  motion  of  the  fluid 
about  the  solid  body  is  perfectly  quiet  and  regular,  which  will 
usually  mean  that  all  the  motions  are  slow,  the  resistance  encoun- 
tered by  the  soUd  will  be  directly  proportional  to  the  viscosity 
of  the  fluid.  But  if,  on  the  other  hand,  the  circumstances  are 
such  that  the  motion  of  the  fluid  is  very  turbulent,  it  is  to  be 
expected  that  density  will  play  the  determining  part  in  the  phe- 
nomena of  resistance,  viscosity  being  of  relatively  small  or  even 
vanishing  importance.  The  substantial  correctness  of  this  general 
qualitative  reasoning  is  established  by  well-known  facts  relating 
to  skin  friction,  aeroplane  and  ship  resistance,  and  the  flow  of 
liquids  and  gases  through  pipes.  Let  us  now  see  what  it  leads 
to  in  connection  with  equation  (3) . 

If  we  have  to  deal  with  a  smooth  disk  at  a  low  speed  of  rotation, 
we  must  expect  the  retarding  torque  and  therefore  the  power  ab- 
sorbed at  any  given  speed  to  be  directly  proportional  to  the  viscosity 
of  the  medium  about  the  disk.  This  requires  that  the  second 
member  of  equation  (3)  shall  consist  of  only  a  single  term  and 
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that  its  exponent  shall  be  £»  i.  The  equation  for  the  power  thus 
reduces  to  the  very  simple  form 

P^Nn^D^li  •  (5) 

and  the  retarding  torque  is  therefore  independent  of  the  density 
and  proportional  to  the  speed  of  rotation,  the  viscosity  of  the 
medium,  and  the  cube  of  the  diameter  of  the  disk. 

If  the  speed  of  rotation  is  increased,  the  stream-line  motion 
will  become  unstable  and  will  break  up,  at  or  near  a  certain  definite 
critical  speed,  into  a  quite  different,  turbulent  motion.  At  all 
events,  this  is  what  we  should  expect  from  otu-  knowledge  of  the 
flow  of  fluids  through  pipes,  and  our  expectation  is  confirmed 
by  experiments  on  disks.  After  this  abrupt  change  in  the  char- 
acter of  the  fluid  motion,  the  density  of  the  fluid  must  appear 
in  any  equation  which  is  to  describe  the  facts,  and  if  the  vis- 
cosity M  appears  at  all  it  must  be,  in  each  term,  with  a  smaller 
exponent  than  that  of  p  in  the  same  term.  In  the  limiting  case, 
the  viscosity  might  be  of  altogether  vanishing  importance  and 
then  equation  (3)  would  necessarily  have  the  form 

P  =  N(m^D^  (6) 

the  retarding  torque  being  proportional,  for  a  given  disk,  to  the 
density  and  the  square  of  the  speed,  while  for  disks  of  different 
diameters  but  geometrically  similar — in  regard  to  roughness  as 
well  as  general  shape — ^the  torque  would  be  proportional  to  the 
fifth  power  instead  of  the  cube  of  the  linear  dimensions.  In 
practice  we  should  expect,  rather,  that  the  relation  would  not 
reach  this  very  simple  limiting  form  and  that  11  would  still  appear, 
though  only  in  terms  with  small  exponents. 

If  it  is  found  that  the  dependence  of  P  on  p,  n,  D,  or  fi  can  be 
represented  with  a  degree  of  approximation  sufficient  for  the 
experimental  accuracy  by  giving  the  independent  variable  a  single 
fixed  exponent,  it  follows  that  the  second  member  of  equation 
(3)  may  be  represented  by  a  single  term,  the  others  being  negli- 
gible.    Equation  (3)  then  reduces  to 

p  =.  Np'-^n^D^^ii^  (7) 
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It  appears  that  such  an  equation  is  adequate  to  the  representa- 
tion of  the  experimental  data  which  are  available — ^the  experi- 
mental acctu'acy  not  having  been  high.  Equations  (5)  and  (6) 
correspond  to  the  limiting  values  S»  i  and  S»o. 

The  value  of  N  depends  on  the  form  of  the  wheel  and  casing. 
For  a  bladeless  disk  running  in  the  open,  it  depends  on  the  pro- 
file and  the  roughness.  For  a  thin  flat  disk  it  depends  on  the 
roughness  alone;  but  the  roughness  is  to  be  meastu-ed  in  terms  of 
the  diameter,  so  that  for  a  surface  with  granulations  or  irregulari- 
ties of  a  certain  general  absolute  size,  a  large  disk  is  ''smoother" 
than  a  small  one,  in  the  present  sense  of  the  term  smooth. 

For  smooth  plane  disks  of  small  thickness,  the  critical  speed,  at 
which  stream  line  motion  breaks  up  into  turbtdent  motion  and 
the  exponent  S  drops  suddenly  from  nearly  unity  to  a  much 
smaller  value,  is  fairly  definite  and  the  change  in  the  law  of  resist- 
ance is  sharp.  For  ordinary  ttu-bine  wheels,  consisting  of  a  disk 
and  blades,  the  change  is  less  abrupt  and  there  is  no  definite 
critical  speed;  for  the  motion  about  the  blades  must  always  be 
ttu-bulent  at  any  speeds  which  are  high  enough  to  be  of  practical 

interest.  The  smaller  the  ratio,  j^,  of  blade  length  to  disk  diam- 
eter, the  more  nearly  the  behavior  of  the  wheel  approaches  that  of 
a  simple  disk,  while  with  long  blades,  the  additional  resistance 
due  to  the  blades  is  so  much  greater  than  that  which  would  be 
encountered  by  the  disk  alone,  that  although  the  law  of  resist- 
ance is  different  at  high  and  at  low  speeds  the  change  is  gradual. 

In  an  experimental  study  of  the  form  of  the  function  ^  we  have 
first  to  work  with  wheels  of  some  one  shape,  preferably  a  simple 
one,  to  start  with.  If  we  then  find,  as  in  fact  we  do  for  consider- 
able ranges  of  the  variables,  that  the  dissipation  P  is  proportional 
to  a  fixed  power  of  />,  or  of  n,  or  of  I? ,  or  of  fi,  we  know  that  equa- 
tion (7)  is  adequate  for  this  shape  of  wheel  and  our  experiments 
give  us  the  value  of  the  coefficient  N  for  this  shape  as  well  as  the 
value  of  B,  no  matter  which  of  the  four  variables  we  may  have 
selected  for  independent  variation  dtuing  the  experiments.  There 
are  thus,  in  principle,  four  different  modes  of  attacking  the  prob- 
lem which  must  lead  to  the  same  result  and  may  be  used  for 
checking  one  another.     In  practice  we  can  not  always  conven- 
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iently  vary  the  density  and  viscosity  of  the  medium  independ- 
ently, so  that  there  are  often  only  three  modes  of  attack  which 
are  practicable. 

The  general  procedttre  is  obvious;  keeping  any  three  of  the 
variables  at  fixed  values,  we  vary  the  foiulh  and  observe  the 
corresponding  values  of  P.  If  the  phenomena  can  be  described 
by  equation  (7),  the  values  of  log  P  when  plotted  against  the 
logarithm  of  the  independent  variable  will  give  points  which  lie 
on  a  straight  line,  within  the  experimental  errors.  The  slope  of 
this  line  is  the  exponent  with  which  the  independent  variable 
appears  in  equation  (7) ;  it  determines  the  value  of  S.  The  posi- 
tion of  the  line,  taken  in  connection  with  the  fixed  values  of  the 
other  three  variables,  determines  the  value  of  N.  We  may  now 
proceed  to  examine  the  experimental  data  which  illustrate  the 
foregoing  statements.  Readers  who  are  interested  only  in  the 
final  result  of  this  somewhat  laborious  examination  may  proceed 
at  once  to  section  6,  page  214. 

3.  The  Relaiion  of  Power  Dissipated  to  Speed  of  Rotation. — • 
A.  Disks  Without  Blades:  As  the  simplest  sort  of  wheel  we  may 
take  a  flat  bladeless  disk  rotating  in  the  open  air.  We  have 
data  on  such  disks  from  Stodola's  ^  experiments  on  a  smooth 
but  unmachined  disk  of  thin  boiler  plate  and  from  Odell's '  experi- 
ments on  paper  disks. 

Stodola's  disk  had  a  diameter  of  537  mm  or  21.1  inches,  and 
he  gives  points  on  a  plot  of  log  P  against  log  n  only  for  1 500, 1 800 
and  2000  r.  p.  m.  These  three  observations  very  nearly  satisfy 
the  relation  Pocn*".  The  retarding  torque  was  thus  propor- 
tional to  the  1.92  power  of  the  speed  n,  which  is  about  what 
might  have  been  expected  from  the  work  of  Re3aiolds,'  Froude,* 
Zahm,'  and  others. 

Odell's  experiments  covered  a  wider  range  of  speed  and  he 
used  four  disks  with  diameters  of  15.0,  21.8,  26.8,  and  47.1  inches, 
recording  the  torque  needed  to  drive  each  disk  at  measured 
speeds.  When  log  torque  is  plotted  against  log  n  it  is  fotmd 
that  for  any  given  disk,  the  points  for  all  the  higher  speeds  lie 
dose  to  a  straight  line.  Upon  decreasing  the  speed,  a  critical 
speed,  ftc,  is  reached  and  the  law  of  resistance  changes  abruptly. 
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The  results,  so  far  as  they  concern  us  at  present  are  collected  in 

Table  i. 

TABLE  1 

Odell's  Experiments  on  Paper  I^ks  Rotating  m  Air 


A 

B 

C 

D 

Diamelttr  In  incliai,  D— 
Range  of  ipeedi,  (r.  p.  m.) 

Valoe  ol  fi  tot  n>n« 

15.0 

f  113 

2100 
918 
3.82 
2.07 

21.8 
300 
900 

376 
3.55 
1.79 

26u8 

aoo 

525 
248 

3w54 
1.75 

47.1 
250 
740 
(100) 
3.08 

The  values  of  nc  and  of  the  speed  exponent  )8=3  — 8  were 
found  by  replotting  Odell's  observations;  they  do  not  di£Per 
much  from  Odell's  values.  The  value  of  fi  is,  of  course,  obtained 
by  adding  unity  to  the  slope  of  the  line  on  the  plot  of  log  torque 
against  log  n. 

Upon  inspection  *of  the  logarithmic  plot  there  is  no  doubt  that 
above  the  critical  speed,  fi  is  very  nearly  constant,  and  there  is 
also  no  doubt  that  the  values  of  fi  are  distinctly  diflFerent  for  the 
di£Perent  disks,  the  tmcertainty  in  finding  fi  from  the  published 
observations  being  not  over  o.i.  If  the  disks  had  all  been 
geometrically  similar,  the  form  of  ^  in  equation  (4)  would  have 
been  the  same  for  all  and  the  exponent  fi  wotdd  therefore  have 
had  the  same  value.  Since  the  values  of  fi  are  not  the  same, 
we  are  sure  that  the  disks  were  sensibly  dissimilar.  They  were, 
in  fact,  made  of  four  different  kinds  of  paper  and  it  could  not  be 
expected  that  they  shotdd  be  either  similarly  rough  or  similarly 
stiff. 

When  thin  paper  disks  are  driven  at  high  speeds  they  become 
covered  with  fluttering  waves  which  must  have  ad  important 
effect  in  increasing  the  resistance,  so  that  it  is  not  safe  to  draw 
conclusions  regarding  rigid  disks  from  results  obtained  with 
flexible  ones.  Disk  D  made  of  ''canvas-backed  diagram  paper" 
was  no  doubt  much  the  stiffest,  the  others  being  of  two  kinds 
of  drawing  paper  and  of  cartridge  paper.  It  gave  the  value 
/8  =  3.i  which  is  not  far  from  the  value  2.92  for  Stodola's  disk. 
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Disks  B  and  C  gave  nearly  the  same  value  of  0  at  the  high  speeds 
and  seem  to  have  behaved  as  if  geometrically  similar;  the  wave 
systems  in  them  had  similar  effects  on  the  resistance. 

When  two  geometrically  similar  wheels  or  disks  are  compared, 
any  singular  point  on  the  curve  P'»f{v),  such  as  the  critical  speed, 

must  by  equation  (4)  occiu-  at  the  same  value  of  —^  for  both. 

In  Odell's  and  Stodola's  experiments  the  medium  (air)  was  always 
approximately  unchanged,  so  that  the  value  of  nj)^  shotdd  be 
the  same  for  geometrically  similar  disks.  The  values  in  the  last 
line  of  Table  i  show  that  this  was  nearly  true  for  Odell's  disks 
B  and  C,  which  gave  the  same  value  of  /8  at  speeds  above  the  critical. 
The  value  of  n^  given  in  the  table  for  disk  D  was  computed 
from  that  observed  for  A  which  was  most  nearly  like  D ;  it  is 
only  a  rough  approximation,  and  being  far  below  the  lowest 
speed  used  with  this  disk,  it  was  not  observed.  The  critical  speed 
for  Stodola's  disk,  computed  in  the  same  way,  would  be  in  the 
vicinity  of  500  r.  p.  m.,  which  is  also  below  the  lowest  speed 
recorded. 

Disk  C,  of  cartridge  paper,  shows  the  interesting  phenomenon 
of  two  critical  speeds,  the  lower,  not  mentioned  in  Table  i ,  being 
at  about  150  r.  p.  m.  Below  this,  the  torque  is  proportional  to 
n**  or,  within  the  experimental  errors,  directly  to  n.  We  have 
thus  the  limiting  case  described  by  equation  (5)  or  by  equation 
(7)  with  8«i.  At  the  first  critical  speed  it  appears  that  the 
stream-line  motion  of  the  air  broke  up  into  turbulent  motion, 
the  torque  became  proportional  to  v}''  and  the  power  dissipated 
to  n*-'.  For  the  range  between  the  two  critical  speeds  we  there- 
fore have  /8=3  — 8-»2.7,  8—0.3.  At  the  second  critical  speed 
of  about  243  r.  p.  m.  the  disk  suddenly  began  to  flutter  *  and  the 
law  of  resistance  changed  to  Pocn'*,  a  new  element  being  intro- 
duced by  the  presence  of  waves  on  the  disk.  The  middle  range, 
between  the  two  critical  speeds  corresponds  to  Stodola's  observa- 
tions on  his  rigid  disk.  The  value  /8»2.7  which  is  somewhat 
lower  than  Stodola's  /8»2.92  indicates  that  the  cartridge  paper, 
as  long  as  it  stayed  plane,  was  smoother  than  the  boiler  plate, 
which  is  not  surprising. 

^ThbJsthewfitcr'f  iafercnce;  Odell  Ii  not  retEwoiible  for  it. 
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Disk  B  shows  only  the  upper  critical  speed,  the  observations 
below  this  point  being  very  few  and  the  lowest  coming  about 
where  the  lower  critical  speed  would  probably  have  been  found. 
Since  the  upper  critical  speed  and  the  phenomena  at  still  higher 
speeds  depend  on  the  stiffness  of  the  disk,  which  has  not  appeared 
at  all  in  our  equations,  the  dose  agreement  of  fi  and  of  ngD*, 
for  disks  B  and  C,  must  be  regarded  as  in  some  degree  accidental. 
It  happened  that  the  disks  were  similarly  stiff  or,  at  all  events, 
developed  wave  systems  which  had  similar  effects  on  the  resistance. 

The  few  observations  on  disk  B  below  the  upper  critical  speed 
give  Pocn**.  We  can  not  say  that  this  is  different  from  the  value 
/8«2.7  obtained  for  disk  C,  the  evidence  not  sufficing  to  decide 
the  point.  But  the  difference,  if  real,  is  in  the  direction  indicated 
by  what  we  can  judge  of  the  smoothness  of  the  two  disks  as 
described  by  Odell.  For  B  was  of  a  smoother  thinner  drawing 
paper  than  A,  i.  e.,  probably  a  rather  hard  smooth-surfaced 
paper,  while  the  "cartridge  paper"  of  disk  C  probably  had  a 
somewhat  fuzzy  surface. 

If  we  compute  the  critical  speeds  of  the  rigid  disk  D  and  of 
Stodola's  steel  disk  from  the  lower  critical  speed  of  disk  C,  we 
get  49  and  244  r.  p.  m.,  respectively,  values  about  half  those 
computed  from  disk  A  and  probably  nearer  the  truth. 

In  the  case  of  disk  A,  which  was  relatively  stiffer  and  rougher 
than  B  and  C,  the  observations  below  the  single  critical  speed 
observed  are  too  scattered  for  us  to  detect  any  lower  critical 
speed,  if  one  occurred,  or  to  distinguish  the  effects  of  turbulence 
of  the  air  and  fluttering  of  the  paper.  The  effect  of  the  flut- 
tering at  the  high  speed  was  less  than  with  B  and  C  as  is  shown 
by  the  fact  that  the  value  /8-»3.3  is  nearer  the  values  for  rigid 
disks,  e.  g.,  Stodola's  disk  (/8»2.92),  disk  D  (y9»3.i4)  and  disk 
C  between  its  critical  speeds  (/8B2.7).  The  greater  stiffness  is 
also  shown  by  the  larger  value  of  ncEfi;  the  stiffer  disk  requires 
a  higher  speed  to  make  it  break  into  a  flutter. 

Odell's  experiments  were  only  preliminary  and  his  own  opinion 
of  their  accuracy  is  indicated  by  his  saying  that  P^constXn^D^ 
**  agrees  pretty  well  with  the  experimental  results."  But  in  view 
of  the  very  good  agreement  which  they  show  with  the  predictions 
of  the  general  theory  in  all  cases  where  the  range  of  speed  is 
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large  enough,  the  present  writer  forms  a  higher  estimate  of  the 
interest  and  relative  accuracy  of  these  experimental  results,  even 
though  the  absolute  values  of  the  power  dissipated  may  be  con- 
siderably in  error,  and  though  we  can  evidently  not  safely  pre- 
dict the  behavior  of  rigid  disks  from  eicperiments  on  flexible  ones. 

B.  Ordinary  Single-Row  Steam-Turbine  Wheels:  Besides  the 
bladeless  disk  already  mentioned,  Stodola  experimented  on  five 
single-row  turbine  wheels  with  various  blade  lengths  and  with 
disk  diameters,  measured  at  the  root  of  the  blades,  of  20  to 
45  inches.  The  wheels  were  run  in  air;  all  of  them  in  the 
open,  and  three  of  them  also  inclosed  in  casings.  At  all  the 
higher  speeds  the  restdts,  as  Stodola  shows  them  on  a  logarithmic 
plot,  satisfy  the  relation  Pccnfi  quite  closely.  For  the  ten  series 
shown,  the  value  of  /8  is  from  2.82  to  2.97  with  a  mean  of  2.89 
and  a  mean  residual  of  ±0.04.  The  wheels  all  acted  very  nearly 
like  the  bladeless  disk  as  regards  the  variation  of  power  with  speed. 

Lewidd  *  gives  the  restdts  of  a  few  observations  on  the  windage 
losses  of  a  small  Laval  tttrbine  at  14  000  to  20  000  r.  p.  m.  The 
wheel  had  a  disk  diameter  of  180  mm  or  7.09  inches,  and  the 
blades  were  20  mm  or  0.79  inch  long.  Three  observations  in  air 
at  atmospheric  pressure  and  30®  C  give  Pocn***'  nearly.  Four 
observations  in  saturated  steam  at  atmospheric  pressure  lie  fairly 
close  to  Pan*'^  while  three  of  them  give  almost  exactly  Pan*'*. 
There  is  no  doubt  that  fi  was  nearly  constant  in  each  case,  but 
the  observations  are  so  few  and  the  range  of  speeds  is  so  small 
that  no  great  weight  can  be  given  to  the  numerical  values  of  /8. 

We  have,  finally,  the  results  published  by  Holzwarth.'^  Admit- 
ting that  for  a  given  wheel  nmning  at  a  given  speed  in  steam,  the 
power  dissipated  in  windage  is  proportional  to  the  density  of  the 
steam,  and  admitting,  further,  that  for  practical  purposes  the 
density  may  be  treated  as  proportional  to  the  absolute  pressure 
p,  Holzwarth  sets  P'^Kp,  and  gives  the  values  of  K  deduced 
from  his  experiments,  by  means  of  curves  on  a  three-coordinate 
diagram.  Each  curve  shows  the  relation  of  iC  to  n  f or  a  given 
diameter,  the  diameters  being  10,  20,  30,  40,  and  50  inches.  The 
lowest  speed  is  750  r.  p.  m.  and  the  highest  runs  up  to  4000  r.  p.  m. 
for  the  small  wheels.  There  is  a  separate  diagram  for  each  of 
the  five  blade  lengths  0.5,  i  .0,  i  .5,  2.0,  and  2.5  inches.    The  wheels 
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were  inclosed  but  had  somewhat  more  clearance  than  is  usual  in 
practice.  No  information  is  given  as  to  how  nearly  geometri- 
cally similar  the  wheels  were,  except  the  mere  statement  of  disk 
diameter  and  blade  length.  The  results  appear  to  be  the  most 
comprehensive  we  have;  but  all  details  are  omitted  so  that  we 
have  no  means  of  estimating  the  accuracy  of  the  experiments, 
of  the  reduction  of  the  observations,  or  of  the  construction  and 
reproduction  of  the  diagrams  as  published.  Though  the  curves 
may  be  quite  adequate  to  the  practical  end  for  which  their  author 
intended  them,  it  is  evident  at  a  glance  that  they  can  not  all  be 
represented  by  a  single  equation  containing  only  n,  D,  and  /  as 
independent  variables,  and  that  readings  of  K  from  them  are 
liable  to  rather  large  percentage  errors. 

With  the  exception  of  a  few  curves  for  the  largest  diameters 
and  blade  lengths,  each  curve  shows  two  distinct  forms  and  may 
be  divided,  though  not  sharply,  into  a  low-speed  and  a  high-speed 
part.  The  relation  /^—/(n)  is  di£Ferent  for  the  two  regions  and 
the  transition  corresponds  to  the  definite  critical  speed  in  the  case 
of  a  bladeless  disk.  The  lo-inch  curves  fall  almost  entirely  in 
the  low-speed  range  which  is  in  general  of  little  practical  interest. 
The  results  for  this  diameter  are  therefore  omitted  from  further 
consideration.  For  each  of  the  other  four  diameters  the  writer 
made  readings  of  the  value  of  the  coefficient  K*  for  each  of  the 
five  blade  lengths  and  at  the  various  speeds  shown  on  tlie  dia- 
grams. The  value  of  log  K  was  then  plotted  against  that  of  log 
n,  and  20  series  of  points  were  thus  obtained,  each  referring  to 
a  fixed  diameter  and  blade  length  but  varying  speed. 

For  the  higher  speeds,  the  points  of  each  series  lie  fairly  close 
to  straight  Unes,  sometimes  quite  close.  These  lines  were  drawn 
in  by  inspection  and  their  slopes,  which  represent  /8in  the  equation 
P^ const Xn^  were  read  oflF.  For  the  small  wheels  with  short 
blades  there  is  a  fairly  definite  critical  speed  at  which  the  rela- 
tion P^f(n)  changes;  but  the  points  for  the  "low"  speeds  are 
not  exact  or  numerous  enough  to  show  what  the  relation  is  at 
these  speeds.  For  larger  wheels  or  longer  blades  the  transition 
from  "high"  to  "low"  speeds  when  shown  at  all  is  gradual  and 

^Holzwarth  used  the  symbol  m  for  this  coefiScient. 
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not  sharp,  the  lowest  points  on  the  logarithmic  plot  being  above 
the  straight  lines  drawn  to  represent  the  high-speed  points. 

The  values  obtained  for  the  speed  exponent  )8,  are  from  2.3  to 
3.6;  the  mean  is  3.0  and  the  mean  residual  is  ±0.3.  The  uncer- 
tainty of  each  value,  due  to  doubt  as  to  just  where  the  straight 
Kne  should  be  drawn,  is  generally  about  ±0.1  but  may  be  ±0.2. 
For  most  of  the  series  there  is  no  doubt  that  Pocn^  is  an  approxi- 
mate representation  of  Holzwarth's  published  ciu-ves  for  the  higher 
speeds.  There  is  also  no  doubt  that  the  values  of  )8,  are  distinctly 
different  in  different  cases,  but  there  is  no  evident  systematic 
variation  of  the  values  with  either  diameter  or  blade  length. 

To  sum  up  the  conclusions  which  may  legitimately  be  drawn 
from  the  data  discussed  in  the  foregoing  section,  we  may  say 
that  both  for  flat  bladeless  disks  and  for  single-row  turbine  wheels 
of  ordinary  forms,  nmning  either  inclosed  or  in  the  open  and 
in  either  air  or  steam,  the  power  dissipated  in  windage  by  a 
given  wheel  is  very  nearly  proportional  to  a  fixed  power  of  the 
speed  of  rotation  throughout  the  range  of  speeds  actually  used 
with  the  diameters  in  question,  except  possibly  at  the  lowest 
speeds,  where  the  windage  losses  are  economically  insignificant. 
It  follows  that  only  a  single  term  need  be  used  in  the  second  mem- 
ber of  equation  (3) ,  so  that  an  equation  of  the  form  (7)  or 

p = Np'-^n^D^^fi^  (7) 

is  adequate  to  representing  the  facts,  over  the  range  mentioned, 
as  closely  as  we  know  what  the  facts  are. 

The  observed  values  of  3  —  S « /8  are  grouped  about  a  general 
mean  i8«3  and  as  a  first  approximation  we  have 

P^Npn^D^  (8) 

the  coefficient  N  having  a  value  determined  by  the  shape  of  the 
wheel,  and  the  viscosity  not  appearing  at  all.  In  individual  cases 
the  observed  values  of  fi  wary  from  2.5  to  3.5  without  our  being 
able  to  decide,  from  the  rather  meagre  accounts  published, 
whether  the  variations  are  genuine,  i.  e.,  not  due  to  errors  of 
measurement,  and  if  they  are  genuine,  what  causes  them. 
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The  best  experiments  we  have,  Stodola's,  give  /8«2.9  very 
nearly,  for  all  of  his  wheels  and  all  conditions,  and  this  value  is 
quite  consistent  with  the  restdts  by  other  experimenters  in  similar 
fields.    It  is  probable  that  in  general  the  equation 

obtained  from  (7)  by  setting  3  —  5  =  2.9  will  give  a  better  approxi- 
mation than  the  simpler  equation  above,  in  which  S  «o. 

At  a  speed  of  rotation  of  20  000  r.  p.  m.  the  peripheral  speed  of 
the  tips  of  the  blades  of  Lewicki's  wheel  was  755  ft.  sec.  The 
speed  of  sound  in  air  at  30®  C.  is  about  1 150  ft.  sec.,  and  in  satu- 
rated steam  at  one  atmosphere  it  is  about  1350  ft.  sec.  The  linear 
speeds  which  occurred  in  Lewicki's  experiments  were  therefore  by 
no  means  all  what  would  commonly  be  thought  of  as  ''  small  *'  in 
comparison  with  the  acoustic  speed.  Nevertheless,  an  equation 
developed  on  the  assumption  that  compressibility  is  negligible 
appears  to  hold  for  these  high  speeds  as  well  as  for  lower  ones.  It 
would  have  been  interesting  to  have  data  on  the  windage  of 
Lewicki's  wheel  at  even  higher  speeds,  for  it  seems  probable  liiat  if 
the  speed  had  been  run  up  to  30000  the  equation  P^constXf^ 
would  have  failed  completely.  Experiments  on  the  resistance  of 
projectiles*  indicate  that  the  eflFects  of  compressibility  begin  to 
be  sensible  at  about  three-f  otulhs  of  the  acoustic  speed  and  increase 
rapidly  for  some  distance  beyond  that  point,  so  that  within  a  range 
of  from  three-fourths  to  one  and  one-half  times  the  acoustic  speed, 
the  law  of  resistance  is  rather  complicated.  The  speeds  in 
Lewicki's  experiments  appear  to  have  been  nearly  but  not  quite 
high  enough  to  necessitate  the  consideration  of  compressibility  in 
making  up  the  theoretical  equations.  We  may  conclude  that  the 
simple  theory  as  given  in  section  i  is  probably  always  sufficiently 
exact  when  the  peripheral  speeds  are  not  over  one-half  the  acoustic 
speed  in  the  meditun  in  question. 

4.  The  Relation  of  Power  Dissipated  to  Diameter, — ^The  experi- 
mental results  discussed  in  section  3  suffice  to  show  than  an  equa- 
tion of  the  form  (7)  describes  the  facts,  and  they  give  us  the 
value  of  £  in  some  specific  cases.  The  same  information  might 
be  got  from  experiments  on  geometrically  similar  wheels,  by 
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making  D  the  only  independent  variable  and  comparing  the  dis- 
sipation for  wheels  of  various  diameters  nm  at  the  same  speed 
in  the  same  meditun;  but  no  experimental  results  on  exactly 
similar  wheels  have  been  published,  so  that  an  investigation  by 
this  method  can  not  be  based  on  any  published  data.  Neverthe- 
less, as  a  check  on  the  previous  work  it  is  interesting  to  compare 
such  imperfect  data  as  we  have  with  equation  (7)  and  the  values  of 
S  already  found  in  section  3. 

A.  Disks  Without  Blades:  We  have  to  select  for  comparison, 
disks  which  gave  nearly  the  same  value  of  iS = 3  —  8,  since  disks 
which  do  not  satisfy  this  condition  can  not  possibly  be  geomet- 
rically similar.  Odell's  paper  disks  B  and  C  gave  the  same  value 
of  0  above  the  fluttering  point,  but  since  the  rigidity  of  the  disk 
is  here  an  essential  element  which  has  not  been  allowed  for  in  our 
theory,  we  must  not  expect  equation  (7)  to  hold  at  all  exactly. 
If  we  compare  these  disks  at  500  r.  p.  m.,  the  observed  power 
ratio  is  4.1  as  against  3.5,  computed  from  the  diameter  ratio 
and  the  value  ^8—3.54  obtained  from  the  experiments  at  varying 
speed.  The  discrepancy  of  15  per  cent  may  be  due  to  experi- 
mental error  but  it  seems  quite  as  likely  to  be  due  to  the  fact 
that  the  flexibility  of  the  disks  has  not  appeared  in  the  equations. 

We  may  next  compare  these  two  disks  in  the  region  just  below 
their  upper  critical  speeds,  where  they  were  still  behaving  as  if 
rigid.     From  the  writer's  plot  of  OdelPs  observations  he  finds 

for  disk  B  P  =  2.51  x  io-*<^n*«« 

for  disk  C  P  =  2.28  X  io-^W«" 

The  observations  on  B  in  this  range  are  so  few  that  the  exponent 
/8»2.47  is  very  tmcertain  and  the  equation  could  not  safely  be 
used  for  extrapolation,  but  it  represents  the  actual  observations 
reasonably  well.  At  n  =  2oo  r.  p.  m.,  which  is  within  the  range 
of  speeds  for  both  disks,  the  power  computed  from  these  equations 
is  1.21X10^  hp  for  B  and  2.92  X10-*  hp  for  C.  Comparing 
the  power  ratio  with  the  diameter  ratio  we  have 


2.92  _/26.8Y^ 

1.21      \21.8/ 
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If  we  regard  the  disks  as  similar  we  have  5  — 2fi»4.26,  whence 
3  — 8=s^«2.63,  which  is  sensibly  identical  with  the  value  2.65 
obtained  directly  for  disk  C. 

As  a  more  severe  test  of  the  theory  we  may  compare  Odell's 
stiffest  disk  D,  of  47.1  inches  diameter,  with  Stodola's  boiler-plate 
disk  of  2 1. 1  inches  diameter.  At  n»2ooo  Stodola  observed 
P=o.i47  hp  and  his  speed  exponent  was  /3-^2.g2;  hence  we  have 
for  this  disk 

p  =  3.38xio-"n»»« 

From  Odell's  measurements  on  his  disk  D  we  have  approximately 

P  =  48.  Xio-"n»~ 

Odell  regarded  his  experiments  on  this  disk,  especially  at  the  lower 
speeds,  as  less  accurate  than  his  other  work,  so  that  it  seems  only 
fair  to  make  the  comparison  at  one  of  the  higher  speeds  within 
the  range  used  by  Odell.  Taking  n  =»  700,  we  have  by  the  above 
equations;  for  Stodola's  disk  P  =0.00679  hp,  and  for  Odell's  disk 
D,  P =0.278  hp.  Comparing  the  power  ratio  with  the  diameter 
ratio  we  have 


0.278        /47.1Y" 


0.00679 '*\2I.I/        '"^    '" 


Regarding  the  disks  as  similar,  we  have  5  —  25=4.62,  whence 
3  — S  =  2.8i  as  compared  with  ^8=2.92,  obtained  directly  for 
Stodola's  disk. 

The  value  ^8  =  2.92  or  5  —  25=4.84  would  give  a  power  ratio  of 
48.7.  Hence  if  we  use  equation  (7),  with  the  values  of  N  and  i 
found  for  Stodola's  disk,  to  compute  the  power  for  Odell's  disk  at 
700  r.  p.  m.  we  get  within  20  per  cent  of  the  observed  value. 
The  equation  given  above  for  Odell's  disk  would  give,  at  2000 
r.  p.  m.  and  on  a  diameter  of  21. i  inches,  P»o.ii2  hp  while 
Stodola's  observed  value  at  this  speed  was  0.147  hp.  In  view  of 
all  the  circiunstances  and  the  long  extrapolation  from  observa- 
tions which  Odell  himself  regarded  with  suspicion,  the  agreement 
must  be  considered  quite  satisfactory. 
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B.  Single-Row  Turbine  Wheels:  When  we  look  for  experi- 
ments on  geometrically  similar  turbine  wheels  we  find  only  a 
very  few  cases  where  we  can  assume  that  the  wheels  were  even 
roughly  sitriilar. 

One  of  Stodola's  wheels  had  a  disk  diameter  of  504  mm,  or 
19.84  inches  and  a  blade  length  2=»6o  mm,  so  that  the  blade- 
length  ratio  was  7^«o.ii9.  This  wheel  was  run  in  air  at  atmos- 
pheric presstu-e  and  temperature,  in  a  casing  which  allowed  an 
axial  clearance  of  4  mm  at  the  edge  of  the  blades.  Lewicki/  as 
already  mentioned,  made  observations  on  a  Laval  wheel  which 
had  a  disk  diameter  of  180  mm  or  7.089  inches  and  a  blade-length 

ratio  y^  =0.1 1 1 .    These  two  wheels  were  therefore  nearly  similar  in 

respect  to  the  important  element  jz.    From  the  small  scale  draw- 

ing  it  appears  that  Lewicki's  wheel  had  an  axial  clearance  at  the 
blade  edges  of  about  2  mm.  For  geometrical  similarity,  the  clear- 
ance  on  Stodola's  wheel  would  therefore  have  had  to  be  about 
6  mm  instead  of  the  actual  4  mm.  lycwicki's  wheel  thus  had 
relatively  more  clearance;  and  since  it  is  known  experimentally 
that  reducing  the  clearance  round  the  blades  reduces  the  windage, 
we  must  expect  that  in  making  comparisons  between  the  two 
wheels,  Lewicki's  observed  values  will  be  somewhat  larger  than 
values  computed  for  the  same  speed  and  diameter  from  the  data 
obtained  by  Stodola. 

Lewicki's  experiments  on  windage  were  only  a  subsidiary  part 
of  a  larger  investigation  and  are  not  comprehensive  enough  to 
furnish  sati^actory  values  of  the  constants  N  and  £.  We  shall 
therefore  deduce  an  equation  from  Stodola's  observations  and 
compare  values  computed  from  this  equation  with  averages  from 
Lewicki's  observations. 

The  speed  exponent  given  by  Stodola  for  this  wheel  is  2.87, 
but  it  appears  from  the  plot  that  a  larger  value  might  be  taken. 
We  can  probably  do  no  better  than  to  set  i? = 2.9  and  use  equation 
(9).    At  2100  r.  p.  m.  the  dissipation  was  foimd  to  be  0.704  hp. 
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The  disk  diameter  was  19.84  inches  and  the  density  of  the  air,  if 
we  take  the  value  given  for  the  bladeless  disk,  was/>»i.i2  kgm/m' 
or  0.070  ib./ft.*  From  these  values  we  get  iV/Li*^-*  =  1.058X10-", 
whence 

P  =  1 .06 X  io-"f^»n»»I>*Y-^Y''  (10) 

in  which 
P  =  the  horsepower  dissipated. 
/>=the  density  of  the  meditun  in  Ib./ft.* 
n=the  speed  of  rotation  in  r.  p.  m. 
D  »the  disk  diameter  in  inches. 

^  =«the  viscosity  of  the  air  during  Stodola's  experiments. 
II  =»the  viscosity  of  the  meditun  in  any  other  case  for  which  we 
wish  to  compute  the  value  of  P. 

Since  most  of  Lewicki's  work  was  done  at  a  speed  of  20  000 
r.  p.  m.  we  may  confine  om-  attention  to  this  speed.  If  we  then 
set  n  ==  20  000  and  D  =  7.089,  we  have 

P  =  38.o/,»«(0'  (II) 

ft 

This  equation  would  give  us  the  power  dissipated  by  a  wheel 
geometrically  similar  to  Stodola's  wheel  but  of  the  same  disk 
diameter  as  Lewicki's,  when  running  at  20  000  r.  p.  m.  in  any 
homogeneous  mediimi  of  density  p  and  viscosity  /i. 

To  find  the  correction  for  the  lack  of  exact  similarity,  we  first 
make  the  computation  for  air  because  in  this  case  the  value  of 

(0  ■  ^  crtainly  be  ^.rnbly  aqurt  to  unity.    The  mean  of 

lycwicki's  three  observations  in  air,  which  do  not  differ  enough  to 
make  it  worth  while  to  treat  them  separately,  was  P(obs)  =4.37  hp 
at  a  mean  density  /> =0.0647  Ib./ft.'    Substituting  in  equation  (11) 

we  have  P(calc)  =3.24  hp.    The  ratio  ^^  =  1.35  indicates  that 

3-24 

the  combined  effect  of  the  relatively  greater  clearance  and  the 
slightly  smaller  blade  length  of  Lewicki's  wheel,  was  to  increase 
the  windage  loss  by  about  35  per  cent.    We  therefore  modify 
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equation  (11)  by  mtroducingthis  correction  factor  and  so  obtain, 
for  ftulher  use,  the  equation 

To  compare  the  values  computed  by  equation  (12)  with  Lewicki's 
observations  in  steam  we  must  form  an  estimate  of  the  value  of 

(^)  and  it  is  fortunate  that  this  appears  with  so  small  an  exponent 

since  we  know  ahnost  nothing  about  the  viscosity  of  steam. 
According  to  measurements  by  L.  Meyer  and  O.  Schumann  (see 
Landolt  and  Bdmstein's  tables)  the  viscosity  of  saturated  steam 
at  100^  is  about  0.72  times  that  of  air  at  room  temperature.  We 
may  assume  as  a  sufficient  approximation,  under  the  circum- 
stances, that  M  is  proportional  to  the  square  root  of  the  absolute 
temperature  and  is  independent  of  the  density.  In  appl3ring 
equation  (12)  to  steam  we  therefore  have 

where  /  is  the  temperature  of  the  steam  on  the  Fahrenheit  scale. 
Equation  (12)  then  takes  the  form 

p-«.7^f-i±^r        (.4) 

applicable  to  dry  steam  of  density  p  Ib./ft.'  and  temperature  t  ^F. 
We  may  first  consider  the  15  observations  made  by  Lewicki  in 
superheated  steam,  which  was  presumably  dry  and  homogeneous 
though  at  the  lower  temperatures  this  may  not  have  been  quite 
true.  The  data  which  concern  us  are  collected  in  Table  2,  reduced 
to  English  units. 


2IO 


Bulletin  of  the  Bureau  of  Standards 

TABLE  2 


IVol.  to 


Lewidd's  Observations  in  Sttperlieated  Steam;  n«20  000  r.  p.  m. 


Piwnm 

xMnpantsn 

1 

PDwer 

P 

[U.&lv.] 

P 

P 

P 

14.7 

221 

0U)368 

34)2 

82 

59 

14.7 

253 

0.0350 

2.77 

79 

57 

14*7 

406 

0.0286 

2.33 

81 

57 

14,7 

462 

0.0268 

2J0 

86 

60 

14.7 

478 

0.0263 

24)0 

76 

53 

14.7 

S31 

0.0249 

1.98 

80 

55 

14.7 

SS6 

04043 

1.87 

77 

53 

14,7 

574 

0.0239 

1.83 

77 

53 

9J6 

586 

0.0153 

1418 

70 

46 

5.fi9 

462 

OJ)100 

0J8 

88 

56 

iJ» 

489 

0.0097 

OJl 

84 

52 

S.6S 

2S9 

0.0127 

0.94 

74 

48 

S.O 

561 

04)089 

0.60 

69 

42 

SJI 

295 

04)115 

0.90 

78 

50 

5.M 
MmaM 

590 

0.0083 

0.58 

70 

43 

448 

OiQflxn 

78 

52 

Mam  rertiliuli 

±5^0 

±8J% 

The  values  of  the  density  are  not  very  exact,  partly  because 
for  the  first  eight  observations  the  pressure  is  merely  stated  to 
have  been  atmospheric,  and  partly  because  the  densities  at  high 
superheats  are  not  very  accurately  known. 

In  view  of  the  unavoidable  errors  we  can  probably  do  no  bet- 
ter than  to  average  the  values  and  set  P  »  78/),  the  mean  density 
being  />==  0.0202  and  the  mean  temperature  448^  P.  Under  these 
circumstances  we  therefore  have  P(obs)  « 1.58  hp.  Equation  (14) 
with  these  values  of  />  and  t  gives  us  P(calc)  =  i.5i  hp.  The 
agreement  of  the  observed  and  calculated  values  to  within  5  per 
cent  must  be  regarded  as  very  satisfactory. 

We  may  also  represent  the  observations  fairly  well  by  setting 
P(obs)  =52  X/3^'*,  while  equation  (14)  gives  us  P(calc)  =»  50.5  X /3^"*. 
The  agreement  is  a  trifle  closer  but  there  is  no  great  diflference. 
The  result  of  the  comparison  of  Stodola's  and  Lewicki's  wheels 
is  to  show  that  as  nearly  as  we  can  tell,  equation  (9)  represents 
the  facts  and  that  dry  steam  is  entirely  comparable  with  air  when 
the  proper  physical  constants  are  used. 
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We  may  now  consider  Lewicki's  five  observations  in  saturated 
steam,  the  results  of  which  are  shown  in  Table  3. 

TABLE  3 

Lewicki's  Observations  in  Saturated  Steam;  n*" 20  000  r.  p.  m. 


Pi«nn 

DMUiD 

^ 

■nj.. 

m.^1 

[n.ahp.1 

?* 

14.7 

a<B732 

\xt 

au 

•to 

1050 

OJOTIT 

«u 

tt.9 

t.» 

2.09 

91.1 

6J.7 

tM 

0J)172C 

1^ 

K-a 

M.O 

Kma 

(UllSM 

\M 

9M 

13.7 

lUOMS 

«3.T 

6U 

M«at>ilduJl 

±4J% 

±U% 

As  for  superheated  steam,  we  can  represent  the  results  approxi- 
mately by  Pocp  or  Pxp^'*,  the  second  being  in  this  case  distinctly 
the  better,  as  is  shown  by  the  fact  that  the  mean  residual  is  only 
2.8  per  cent  as  compared  with  4.3  per  cent. 

Not  knowing  how  the  viscosity  varies  with  temperature  when 
the  steam  is  kept  saturated,  we  ignore  the  last  factor  of  equa- 
tion (14)  which  is  certainly  nearly  unity,  and  we  then  have 
P(calc)  -■49.7^»  as  compared  with  P(obs)  =  64.5^"''.  The  observed 
value  is  thus  1.30  times  the  calculated.  Making  the  computa- 
tion by  the  mean  density  we  have  P^g^.yp,  p- 0.02395 
P(obs)-2.23  hp  while  equation  (14)  gives  tis  P(calc)  =  1.73, 
the  ratio  being  now  1.29  in  place  of  1.30. 

The  cause  of  the  discrepancy  of  30  per  cent  is  clear.  To  obtain 
dry  satiu-ated  steam  is  a  diflBcuIt  matter,  requiring  elaborate  pre- 
cautions, though  this  was  not  so  well  known  at  the  date  of  Lewicki's 
experiments.  The  increase  of  30  per  cent  in  the  resistance  in 
passing  from  air  or  dry  steam  to  saturated  steam,  was  due  to  the 
wetness  of  the  steam.  Not  knowing  how  wet  the  steam  may  have 
been,  we  have,  perforce,  used  the  density  of  the  steam  alone  and 
not  the  mean  density  of  the  mixture.  The  mean  density  would 
have  been  larger  and  so  would,  if  used  in  the  computations, 
have  reduced  the  discrepancy  between  the  observed  and  calcu- 
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lated  values.  But  it  is  most  tmlikely  that  the  steam  was  so  wet 
that  the  whole  30  per  cent  could  be  accoimted  for  in  this  way, 
even  supposing  that  the  water  remained  completely  suspended. 
And  under  such  conditions  only  a  very  small  amount  of  water 
remains  in  suspension  as  fog;  most  of  it  is  deposited  and  that  is 
undoubtedly  what  happened  here.  Just  how  wet  the  steam  was 
and  why  the  deposition  of  water  on  the  wheel  shotdd  have 
increased  the  resistance  30  per  cent  it  is  of  course  impossible  to 
say.  But  it  is  clear  that  the  steam  did  not  act  like  an  homogene-, 
ous  meditun,  so  that  equations  developed  for  homogeneous  media, 
which,  as  we  have  seen,  describe  the  facts  satisfactorily  for  both 
air  and  dry  steam,  are  not  strictly  applicable.  All  we  can  say 
at  present  is  that  the  resistance  to  the  rotation  of  a  wheel  in  steam 
increases  considerably  if  the  steam  changes  from  dry  to  wet;  but 
how  the  amount  of  the  increase  depends  on  the  wetness  or  other 
circumstances  can  only  be  decided  by  ftuther  experiments. 

It  remains  to  examine  Holzwarth's  results  for  wheek  which 
had  the  same  ratio  of  blade  height  to  disk  diameter  and  so  had  at 
least  this  one  element  of  geometrical  similarity.     We  have  the 

figures  given  in  Table  4,  for  t^«o.o5. 


TABLE  4 
Holzwarth's  Results  on  Wheels  with  the  same  Blade  Lengdi 


DUkdittBietor 

Blade 
Icncth 
/(taf) 

Speed 

ao 

30 
40 
SO 

IJO 
2.5 

3.6 
3.0 
2.9 
3.1 

2.5 
3.5 
2.5 
2.3 

The  values  of  fi,  taken  from  the  straight  lines  drawn  on  the  plot 
of  log  K  against  log  n  vary  considerably  and  are  rather  uncertain 
so  that  the  round  values  i8=3  and  7=5  have  been  adopted.  The 
values  in  the  last  column  were  got  by  averaging  over  all  the 
points  which  lay  distinctly  above  any  indication  of  a  rapid  change 
in  the  exponent  of  n,  omitting  a  few  doubtful  readings.     If  these 
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wheels  were,  together  with  their  casings,  all  geometrically  similar, 


and  if  we  had  3»o,  the  values  of 


n^D^ 


should  all  be  the  same; 


it  is  seen  that  they  are  nearly  so.  The  high  value  for  the  30-inch 
wheel  is  consistent  with  other  readings  which  make  it  appear  that 
the  30-inch  disks  were  much  rougher  than  those  of  the  other 
diameters. 

We  have  also  the  following  figures  for  ^  » 0.025 

TABLE  5 


n 

1 

fi 

10><K 

20 

40 

0.5 
1.0 

3.6 
2.5 

1.31 
1.29 

If  the  readings  of  K  from  the  published  curves  really  represent 
the  facts  as  Holzwarth  observed  them,  the  great  difference  in  the 
two  values  of  ^8  proves  that  these  two  wheels  were  far  from  geo- 
metrically similar.  The  agreement  of  the  values  in  the  last 
column  is  therefore  little  better  than  accidental,  though  it  shows 
that  the  facts  may  be  represented,  at  least  roughly,  by  the  equation 

5.  The  Effect  of  the  Density  of  the  Medium, — ^AU  writers  on  the 
subject  appear  to  agree  that  when  a  given  wheel  runs  at  a  given 
speed,  the  power  dissipated  is  directly  proportional  to  the  density 
of  the  medium.  Holzwarth  soys  that  this  relation  holds  for 
steam  "within  Umits  accurate  enough  for  practical  purposes," 
and  Lasche,  in  an  equation  quoted  by  Stodola,^  sets  Poc/m*. 
Stodola  experimented  on  a  multi-disk  impulse  turbine  driven 
in  stagnant  steam  of  densities  of  o.i  to  1.7  kgm/m',  which 
correspond,  if  the  steam  was  dry  sattu-ated,  to  pressures  of  2.5  to 
45  lb/in'  absolute.  His  observations  as  plotted  on  a  small  scale 
diagram  indicate  the  existence  of  a  linear  relation  between  P 
and  p,  and  he  sets  Pocp  and  uses  this  relation  without  further 
question.  Lewidd's  observations  as  given  in  Tables  2  and  3 
also  indicate  that  the  resistance  is  approximately  proportional 
to  the  density.    We  may  therefore  say  that  within  the  range 
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and  the  accuracy  of  the  published  experimental  data  on  this 
point,  the  windage  of  turbine  wheels  in  a  given  meditun  is  pro- 
portional to  the  density  of  the  medium,  but  the  evidence  is  not 
at  all  sufficient  to  show  how  nearly  exact  the  relation  is.    We  can,  i 

in  fact,  only  regard  this  evidence  as  roughly  conformatory  of  that 
presented  in  section  3,  which  shows  that  when  the  medium  is 
homogeneous  the  exponent  of  />  in  equation  (7)  can  not  differ 
much  from  unity. 

6.  Remarks  on  the  Comparison  of  Dissimilar  Wheels. — The 
considerations  akeady  set  forth  having  shown  that  an  equation 
of  the  form  (7)  describes  the  behavior  of  wheels  of  any  one  shape, 
it  remains  for  us  to  find  out  if  possible  how  the  coefficient  N 
depends  on  the  shape  of  the  wheel  and  its  casing. 

Since  N  depends  on  shape  and  not  on  absolute  size,  any  correct 
expression  f or  iV^  must  contain  as  variables  only  ratios  of  lengths. 
An  equation  for  P  which  can  not  be  reduced  to  the  form  (3) ,  or 
practically  to  the  form  (7),  with  the  N^s  satisfsring  the  above 
condition,  is  not  a  rational  equation  and  can  not  have  any  general 
validity,  even  approximate,  though  it  may  be  satisfactory  as  an 
empirical  working  formula  over  Umited  ranges  of  the  variables. 

In  attacking  the  problem  of  finding  a  satisfactory  expression  j 

for  iV  we  are  met  at  the  outset  by  the  obvious  fact  that  theshape  , 

of  a  turbine  wheel  and  its  casing,  even  if   confined  to   general  | 

conformity  with  commercial  practice,  may  vary  in  a  great  many  J 

ways.    Thus  N  must  be  regarded  as  a  function  of  a  large  number  j 

of  variables  which  are,  at  least  within  certain  limits,  all  inde-  j 

pendent.    But  while  a  complete  solution  of  the  problem  of  pre-  ! 

dieting  the  value  of  N  from  geometrical  measurements  is  thus 
out  of  the  question,  we  may  nevertheless  make  some  progress  j 

if  it  is  found  that  in  practice  one  or  a  very  few  variables  are  of 
so  much  importance  that  the  effects  of  changing  the  others  are  \ 

small  or  negligible. 

It  is  evident,  both  a  priori  and  from  experiment,  that  two 
very  important  geometrical  elements  to  be  considered  are  the 
blade  length  and  the  closeness  with  which  the  casing  surrounds 
the  blades,  both  measured  in  terms  of  the  disk  diameter.  Other 
important  elements  are  the  roughness  of  the  disk;  the  width, 
pitch,  and  angles  of  the  blades;  the  number  of  rows  of  blades, 
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and  whether  they  are  shrouded  or  not.    Of  these  most  evidently 

important  data,  the  blade  length  ratio,  ji,  and  the  number  of  rows 

of  blades  are  often  the  only  ones  given  in  published  accounts  of 
experiments,  the  others  either  not  being  given  at  all  or  having 
been  varied  so  unsystematically  that  they  can  not  be  used.  To 
start  with,  we  shall  of  necessity  confine  our  attention  to  wheels 
with  one  row  of  blades,  together  with  their  limiting  form,  bladeless 
disks.  As  regards  pitch,  width,  and  angles  of  the  blades,  we 
can  only  say  that  in  practice  different  single-row  steam-tturbine 
wheels  are  usually  somewhere  near  similar  in  respect  to  these 
points,  as  they  are  also,  though  perhaps  less  nearly,  in  respect 
to  roughness  and  profile  of  the  disk. 

Stodola's  experiments^  showed  that  the  amount  of  clearance 
between  wheel  and  casing  has  a  large  influence  on  the  windage 
resistance,  and  he  made  a  few  measurements  relating  to  this 
piont.  But  since  his  results  are  not  numerous  and  we  have  no 
other  satisfactory  data  on  the  effect  of  altering  the  casing  which 
incloses  a  given  wheel,  we  are  reduced  to  the  expedient  of  elimi- 
nating the  effect  of  the  casing  by  removing  it  altogether;  in  other 
words,  we  must,  at  least  in  starting,  use  only  data  obtained  from 
wheels  running  in  the  open  without  any  casing.  We  may  then 
hope  to  get  an  approximate  expression  for  N  in  terms  of  the  blade- 
length  ratio,  the  hope  being  foimded  on  the  expectation  that  this 
will  prove  to  be  much  more  important  in  specifying  the  shape 
of  the  wheel  itself  than  all  the  other  variable  elements  combined, 
so  long  as  these  others  remain  within  the  limits  which  obtain  in 
practice. 

We  then  have  available  for  study,  Odell's  results  on  disks  and 
Stodola's  results  on  one  disk  and  five  wheels.  Tentatively,  we 
shall  also  use  Holzwarth's  results  on  inclosed  wheels  in  steam, 
the  assumption  being  that  the  casings  were  similar.  Since  the 
nature  of  these  data  does  not  warrant  the  use  of  any  refinements 
in  analyzing  them,  we  shall  accept  the  equation 

P^NfnfD*  (15) 

as  a  sufficiently  approximate  description  of  the  facts  for  wheels 
of  any  given  shape. 
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7.  Expressions  for  N  in  terms  of  Roughness  and  Blade  Length. — 
If  we  assume  that  the  differences  of  resistance  of  different  single- 
row  wheels  of  the  same  disk  diameter,  when  driven  at  the  same 
speed  in  the  same  meditmi,  are  expressible  in  terms  of  the  rough- 
ness of  the  disk  and  the  blade  length  /,  the  coefficient  N  must  have 
the  form 

N-A+f(l^  (16) 

in  which  /  is  some  function  which  vanishes  with  its  argument,  and 
A  is  the  constant  limiting  value  of  N  when  the  blades  are  shortened 
indefinitely.  For  simple  flat  wheels  the  "disk  coeflident"  A 
will  depend  mainly  on  the  superficial  roughness  of  the  metal  of 
the  disk;  but  it  will  also,  in  general,  depend  on  the  profile  of 
the  wheel  and  the  nature  of  the  shrouding  over  the  ends  of  the 
blades.  For  brevity  we  may  include  all  these  factors  in  the 
single  term  "roughness"  since  we  have  no  data  which  would 
enable  us  to  separate  them. 

If,  further,  we  admit  that  equation  (7)  is  correct  in  having 
only  a  single  term  in  the  second  member,  it  follows  that  any  gen- 
eral equation  for  P  which  contains  no  other  elements  of  shape  than 
roughness  and  blade  length  must  necessarily  have  the  form 

P^p^-^n^'^D^^^A  +/(^)]  (17) 

or  approximately 

P-K/>[>H-/(^)]  (18) 

The  three  equations  which  the  writer  has  seen  given  for  com- 
puting the  power  dissipated  in  windage,  do  not  satisfy  this  require- 
ment and  so  are  not  general,  i.  e.,  they  can  not  safely  be  used 
for  extrapolation  to  values  of  the  variables  outside  the  limits  of 
the  experiments  from  which  the  equations  were  deduced.  These 
three  equations  are  the  following: 

Lasche  is  quoted  by  Stodola  ^  as  having  deduced,  from  experi- 
ments on  wheels  with  i,  2,  3,  and  4  rows  of  blades,  equations 
which  may,  for  comparison  with  (18)  be  written  in  the  form 

P-p»«i?^5(i)z?"*]  (19) 
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This  equation  does  not  profess  to  be  valid  except  within  rather 
narrow  limits,  hence  there  is  no  occasion  for  criticising  the  fact  that 
it  leads  to  an  absurdity  for  bladeless  disks  or  that  it  violates  the 
dimensional  requirements. 

Jude,'  after  an  examination  of  the  experimental  results  of 
Odell,  Lewicki,  Stodola,  and  Holzwarth,  gives  an  equation  which 
may  be  written 

P  «  fm^D^A  +  B(^D-'ht-k\  (20) 

The  second  or  blade  term  of  this  equation  violates  the  dimensional 
conditions  completely. 
Stodola  ^  gives  an  equation  which  may  be  written 

P  =/w»£4"a  +5(5)*^*]  (21) 

This,  too,  violates  the  dimensional  requirements  but  to  a  less 
extent  than  equation  (20) ;  it  could  therefore  be  used  over  a  wider 
range  of  diameters  before  involving  excessive  errors.  Equation 
(20)  can  apply  only  over  a  limited  range  of  speed  as  well  as  of 
diameter,  while  equation  (21)  involves  time  correctly  to  the  same 
degree  of  approximation  as  equation  (15) . 

It  has  seemed  to  the  writer  worth  while  to  attempt  to  repre- 
sent the  same  data  as  were  used  by  Stodola  and  Jude,  or  such  of 
them  as  it  appeared  might  Intimately  be  used,  by  an  equation 
which  should  be  free  from  the  defects  just  noticed.  The  very 
simple  form 

P=/m«Z?^>l+fi(^y]  (22) 

was  therefore  tested,  to  see  if  it  was  possible  to  find  satisfactory 
values  of  the  constants  i4,  B,  and  x.  The  disk  coefficient,  i4, 
must  evidently  depend  on  the  roughness  of  the  disk  and  we  can 
not  expect  all  disks  to  give  the  same  value.  The  ''blade  coeffi- 
cient," 5,  should  doubtless  involve  the  width,  pitch,  angles,  pro- 
file, and  form  of  shrouding  of  the  blades,  but  it  will,  tentatively, 
be  treated  as  a  constant,  as  will  the  exponent  x.  The  question 
is  whether  such  an  equation  can  be  made  to  describe  the  observed 
facts  with  reasonable  accuracy  and  completeness. 
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8.  The  Form  of  the  Coefficient  N  for  Slodola'sUnenclosedWheds.— 
e  may  first  examine  Stodola's  data  on  his  five  wheels  running 
the  open  air.  He  gives  his  observed  value  of  the  power  absorbed 
each  wheel,  only  for  one  speed,  namely  the  highest  used  with 
it  wheel.  The  data  which  concern  us  here  are  collected  in 
Me  6. 

TABLE  6 

Stodola's  Obaervationa  on  Unenclosed  Wheels  in  Air 
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/  is  defined  by  P^NptfD'  *iid  tbc  dcnnty  of  the  air  i)  atfumed  to  have  been 
0.0699  tt/'l" 

P  (c.lc)-.o-»,w'i>^,+593(i)'] 

If  the  observed  values  of  P.  are  expressible  by  equation  (22), 
•.,  by  setting  A'^-i4  +.B{75)  .  we  have 

log  {N-A)=\ogB+%  log  ^  (23) 

d  the  values  of  -4 ,  B,  and  %  may  be  found  by  trial.  We  assume 
ralue  of  A ,  and  plot  log  {N  —A)  against  k>g  i^-     If  we  can  find  a 

lue  of  A  such  that  the  points  all  He  on  a  straight  line  within  the 
servational  errors,  equation  (22)  is  satisfied,  the  slope  of  the  line 
the  value  of  x,  and  the  position  of  the  line  gives  the  value  of  B. 
By  this  method  it  was  found  that  the  observations  on  four  of 
;  five  wheels  are  satisfactorily  represented  by  writing  equation 
0  in  the  particular  form 

(24) 


.■d(. +593(0] 
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and  that  no  other  values  oiA.B,  and  x  are  sensibly  better.  Values 
computed  by  equation  (24)  are  given  in  column  VII  of  Table  6 
and  the  agreement  of  the  results  with  the  observed  values  in  column 
V  is  shown  by  column  VIII  to  be  good  except  for  wheel  A.  The 
value  for  this  wheel  can  evidently  not  be  brought  into  accord 
with  those  observed  for  the  others  by  any  simple  expression  for  N 

as  a  function  of  j^.    It  is  possible  that  the  discrepancy  may  be  due 

to  an  experimental  error,  but  this  seems  very  unlikely.  Unless  it 
is  merely  a  typographical  error,  it  probably  arises  from  some  geo- 
metrical peculiarity  of  this  wheel  which  is  not  evident  from  the 
description  given.  The  writer  has  assumed  that  the  blades  of  all 
the  wheels  were  shrouded,  because  that  is  the  usual  construction; 
but  if  the  blades  of  wheel  A  were  open-ended,  the  relatively 
greater  windage  would  be  easily  understood. 

However,  there  is  no  advantage  to  be  gained  from  splitting 
hairs  in  analysing  so  small  a  munber  of  data  by  means  of  confess- 
edly only  roughly  approximate  assumptions,  and  we  may  be 
content  to  say  that  equation  (24)  represents  the  results  of  Stodola's 
experiments  on  single-row  wheels  of  ordinary  forms  running  in 
the  open  air,  quite  as  well  as  could  be  demanded  of  any  equation 
deduced  from  so  inadequate  data. 

9.  Deduction  of  an  Expression  for  N  from  HolzwartWs  Data. — 
Holzwarth's  results  and  the  manner  in  which  they  were  treated 
for  finding  the  relation  of  P  to  n,  have  been  described  in  section  3. 
The  values  fotmd  for  ^8  =  3  —  8  are  given  in  Table  7  as  they  were 
read  from  the  straight  lines  drawn  on  the  plot  of  log  K  against 
log  n  and  they  are  uncertain  by  from  o.i  to  0.2,  because  the  lines 
were  drawn  merely  by  inspection. 

TABLE  7 

Values  of  K  from  Holzwarth's  Diagrams 


Blade  lanxth 
(inctaM) 

Z>-20 
inctaM 
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Z>-40 
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L5 
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2.S8 
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».& 

g.98 

t.90 

t.8» 

IS 

2.69 

3.39 

9.00 

S.H 
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Prom  the  great  variations  in  /3  it  appears  either  that  the  values 
of  Holzwarth's  coefficient  K  read  from  his  diagrams  are  erroneous 
or  that  the  wheels,  even  for  the  same  blade-length  ratio,  were  far 
from  geometrically  similar.  It  would  be  a  waste  of  time  to  attempt 
to  reconcile  all  the  readings  of  K  with  an  equation  of  the  form  (22) 
in  which  /8  =  3,  and  I  have  therefore  arbitrarily  selected  the  eight 
series  which  gave  values  of  fi  {italicized  in  Table  7)  between  2.8 
and  3.2,  i.  e.  values  which  we  can  not  be  sure  are  different  from 
3.0,  and  I  shall  confine  my  analysis  to  these  series. 

For  each  of  the  selected  eight  series,  the  mean  value  of  — tpst 

was  found  by  averaging  over  all  the  values  of  K  for  the  higher 
speeds,  omitting  a  few  points  where  the  readings  from  the  dia- 
grams were  obviously  liable  to  exceptionally  large  errors.  We 
thus  get  eight  separate  values. 

In  the  units  we  have  been  using. we  have,  approximately, 

P^o.s^pK  (25) 

Since  Holzwarth's  diagrams  are  drawn  for  a  constant  value  of 
the  density  we  may  treat  if  as  we  have  previously  treated  P, 
which  is  proportional  to  it  when  p  is  constant.  If  we  proceed  in 
this  way,  we  find  that  by  selecting  an  appropriate  disk  coefficient 

(lo^^K         \  I 

—ffy^—A'\  against  logy^, 

seven  of  the  eight  points  may  be  made  to  fall  very  close  to  a  single 
straight  line  of  which  the  slope  is  2.  The  exception  is  the  one 
rather  doubtful  point  for  the  20-inch  diameter.  We  thus  find  that 
those  of  Holzwarth's  results  which  are  comparable  with  Stodola's 
in  giving  ^8  =  3,  approximately,  may  be  represented  by  an  equation 
very  like  (24)  which  describes  Stodola's  results.    The  exponent  of 

I  ^  j  is  the  same  and  the  disk  and  blade  coefficients  are  not  very 

different,  though  somewhat  smaller  for  Holzwarth's  wheels,  in 
accordance  with  the  fact  that  the  wheels  were  inclosed  instead  of 
run  in  the  open. 
If  we  write 

P=pn»Z?»[x  4-5(0]  (26) 

we  have  the  values  of  A  and  B  given  in  Table  8. 
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TABLE  8 

» 

Values  of  the  Coefficients  of  Equation  (26) 
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jBdo;  tram  ebtenrattons  by  Lewkld,  Odoll,  Slodobi,  and  HMzwaxth,  lor 
whMli  ran  In  opon  air 


The  difference  between  the  coefficients  deduced  from  Stodola's 
and  from  Holzwarth's  observations  would  probably  have  been 
greater  if  Holzwarth's  values  had  all  been  obtained  from  experi- 
ments in  air.  His  results  were  obtained  ''from  occasional  experi- 
ments carried  on  for  some  years — ^partly  in  air,  partly  in  steam  of 
different  density/'  Since  he  says  nothing  to  the  contrary,  the 
steam  was  doubtless  saturated  and  probably  by  no  means  dry,  so 
that  we  may  infer  from  Lewicki's  observations,  described  in 
section  4,  that  the  value  of  N  or  of  the  coefficients  A  and  B  would 
have  been  smaller  if  the  experiments  had  all  been  made  in  air  or 
perfectly  dry  steam. 

On  account  of  the  varying  density  in  Holzwarth's  experiments, 
some  sort  of  reduction  to  a  standard  density  must  have  been 
made  in  order  to  get  the  values  of  K  for  drawing  the  diagrams. 
Holzwarth  sets  Pocp  and  we  must  asstune  that  he  used  this  rela- 
tion in  the  reduction.  But  if  in  equation  (7)  the  value  of  y9  is 
very  different  from  3,  the  exponent  of  p  must  differ  by  the  same 
amount  from  tmity  and  a  reduction  of  this  sort  is  not  permissible. 
Although  no  detailed  criticism  is  possible,  it  is  evident  that  we 
have  here  an  additional  grotmd  for  omitting  from  consideration 
those  series  of  Holzwarth's  results  which  do  not  conform  approxi- 
mately to  the  equation  P = const  x  n*. 

The  degree  of  approximation  to  which  equation  (26)  with  the 
coefficients  given  in  Table  8  reproduces  the  readings  from  Holz- 
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warth's  diagrams,  may  be  seen  from  Table  9  in  which  are  given 
the  values  K{ohs)  read  from  the  diagrams,  and  the  values  K{qs1c) 
computed  from  equations  equivalent  to  (26)  with  the  coefficients 
in  Table  8.  The  readings  may  be  in  error  by  one  unit  at  the  low 
values  and  several  tmits  at  the  higher. 

TABLE  9 


n  of   Observed  and  Computed  Values  of   Holzwardi's 

Coefficient /C 
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For  the  smaller  wheels  the  observed  resistance  at  the  lower 
speeds  is  considerably  larger  than  the  calculated,  and  the  law  of 
resistance  is  evidently  not  the  same  as  at  the  high  speeds.  At 
750  r.  p.  m.  the  observed  K  is  larger  than  the  calculated  in  every 
instance.  But  if  we  omit  the  low  speeds,  where  agreement  is  not 
to  be  expected,  and  the  highest  speeds,  where  slight  errors  in  the 
drawing  of  the  diagrams  cause  large  errors  in  the  values  of  K  read 
from  them,  the  agreement  of  observed  and  calculated  values  is 
fair — certainly  as  good  as  would  be  demanded  of  any  formula  by 
one  who  has  studied  the  diagrams. 
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JO.  Further  Values  of  the  Disk  Coefficient. — We  have  now 
exhausted  the  few  published  data  which  are  available  for  inves- 
tigatiiig  the  dependence  of  the  coefBcient  TV  of  equations  (7), 
(8)>  (9)1  c^-i  <^  ^c  blade-length  ratio,  and  there  remain  fen* 
consideration  only  experiments  on  bladeless  disks  which  will  give 
values  of  the  d^  coe£Scient  for  comparison  with  the  values 
obtained  from  experiments  on  wheels  with  blades. 

Stodola's  boiler-plate  disk  of  31.1-inch  diameter  absorbed  0.147 
hp  when  running  2000  r.  p.  m.  in  air  of  density  p  =  o.<yj  lb.  per 
cu.  ft'.  From  these  values  we  find  v4  =o.63X  io~".  The  only 
remaining  experiments  on  a  rigid  disk,  which  gave  ^=3  nearly, 
are  those  of  Odell  on  his  largest  disk.  From  data  already  given  in 
section  4  we  find  for  this  disk  vl  ~o.5X  10-'*  approximately.  Both 
these  values  are  included  in  Table  8.  The  difiFerence  between  the 
values  of  A  deduced  from  Stodola's  observations  on  wheels  and  on 
the  di^  need  not  cause  any  surprise,  for  we  do  not  know  anything 
about  the  relative  roughness  in  the  two  cases.  The  shrouding  over 
the  blades  and  the  difference  of  profile  between  wheels  and  disk 
may  account  for  the  difference,  which  appears  to  be  genuine. 

One  mere  value  of  A  is  included  in  Table  8,  namely, 
A  -0.44  X  io~",  deduced  by  Jude  from  a  general  examination  of 
all  the  experiments  already  mentioned  in  this  paper.  It  is  appli- 
cable according  to  its  author  to  flattish  disks  in  open  air. 

IX.  The  Influence  of  Axial  Clearance. — Fot  information  on  this 

point  we  have  only  Stodola's  comparative  runs  of  three  of  his 

wheeb  in  the  c^)en  air  and  in  casings.     The  results  are  given  in 

Table  10,  some  of  the  data  being  repeated  from  Table  6. 

TABLE  10 

Stodcda'8  Experiments  on  Varying  Qeannce 
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In  column  V  of  the  table  are  g^ven  the  values  of  iV  in  the  equa- 
tion P = Npn*I>  for  the  axial  clearances  given  in  colunm  IV,  the 
clearance  qo  meaning  that  the  wheel  was  run  in  the  open  air.  In 
column  VI  there  is  given  for  each  wheel  the  ratio  in  which  the 
dissipation  was  reduced  by  the  presence  of  the  casing. 

It  appears  from  this  table  that  the  effect  of  a  close  casing  is 
much  greater  on  the  blades  than  on  the  disk.  By  comparing 
wheels  A  and  B  we  find  that  the  presence  of  a  casing,  which  left 
at  the  blade  edges  an  axial  clearance  of  about  0.008  times  the 
disk  diameter,  reduced  the  resistance  considerably  more  in  the 
case  of  B,  which  had  blades  three  times  as  long  as  those  of  A,  the 
ratio  of  reduction  being  0.38  for  the  long  blades  as  against  0.55 
for  the  short  ones.  If  we  compare  wheels  A  and  £,  which  did 
not  differ  very  widely  as  to  blade-length  ratio,  we  find  that  reduc- 
ing the  clearance  from  0.0079  D  to  0.0056  D,  i.  e.,  to  two-thirds, 
decreased  the  resistance,  expressed  as  a  fraction  of  the  open-air 
resistance,  by  about  one-half,  or  from  0.55  to  0.25.  We  have 
also  already  found  in  section  4,  when  comparing  wheel  B  with 
Lewicki's  wheel  of  about  the  same  blade-length  ratio,  that  increas- 
ing the  axial  clearance  by  about  one-half,  or  from  0.008  D  to 
0.012  D,  increased  the  resistance  some  35  per  cent. 

These  few  isolated  data  are  evidently  not  a  sufficient  grotmd  for 
any  general  quantitative  statement  about  the  effect  of  clearance 
on  windage,  but  they  may  be  valuable  as  a  basis  for  guesswork 
in  cases  which  happen  to  be  nearly  similar  to  the  ones  mentioned. 

In  this  connection  we  may  ako  note  the  results  obtained  by 
Stodola*  in  comparing  wheels  run  in  the  normal  or  forward  direc- 
tion with  the  same  wheek  run  backward.  In  open  air  the  resist- 
ance backward  was  in  one  example  as  much  as  5.4  times  the 
resistance  forward,  though  in  other  examples  the  ratio  was  not 
so  large.  But  inclosing  the  blades  reduced  the  difference  very 
much,  and  the  longer  the  blades  and  the  greater  the  part  of  the 
resistance  due  to  the  blades  the  greater  is  this  effect  of  the  casing, 
so  that  with  very  small  clearances  the  resistance  when  the  wheel 
is  run  backward  is  very  little  greater  than  when  it  is  run  forward. 

With  wheel  B  for  which  1^—0.119,  when  the  axial  clearance  was 

0.008  D,  the  resistance  backward  was  only  13  per  cent  more  than 
the  resistance  forward. 
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12.  Remarks  on  Furiher  Experimental  Results. — In  the  foregoiBg 
discussion  the  s3rmbol  P  has  eveiywhere  denoted  the  power 
required  to  drive  a  wheel  against  the  resistance  of  the  otherwise 
stagnant  medium  surrotmding  it,  and  the  experiments  noted 
have  referred  to  this  state  of  affairs.  But  the  conditions  of  ordi- 
nary practice  are  different,  and  it  remains  a  question  whether, 
in  designing  a  steam  turbine,  a  windage  correction  based  on  even 
completely  satisfactory  data  of  the  kind  considered  could  be 
considered  reliable.  The  only  answer  that  can  be  made  to  this 
question  is  that  we  do  not  know;  and  the  best,  because  the  only, 
thing  we  can  do  at  present  is  to  compute  windage  corrections  for 
designing  purposes  as  if  the  turbine  were  to  be  driven  independ- 
ently from  without,  acting  merely  as  a  brake,  a  condition  which 
occurs  only  in  the  case  of  marine  turbines  with  reversing  stages 
or  with  cruising  stages  which  are  by-passed  at  full  power. 

Another  pertinent  question  is :  How  much  ought  the  computed 
windage  loss  to  be  reduced  when  a  part  6t  all  of  the  blades  are 
working  in  the  ordinary  manner,  with  steam  from  the  nozzles 
passing  through  them?  The  experiments  of  Lasche,  quoted  by 
Stodola,^  and  of  Jasinsky  ^®  are  not  sufficiently  comprehensive  to 
tell  us  more  than  that  the  windage  decreases  as  the  admission 
arc  increases  and  fewer  blades  are  idle.  With  rectangular  nozzles 
and  a  continuous  steam  belt,  it  will  probably  be  not  far  wrong  to 
multiply  the  blade  term  of  the  computed  resistance  by  the  frac- 
tion of  the  whole  circumference  which  is  not  occupied  by  open 
nozzles,  i.  e.  by  the  fraction  of  the  whole  number  of  blades  which 
is  idle  at  each  instant. 

The  experiments  we  have  considered  having  referred  only  to 
disks  or  single-row  wheels,  one  further  question  remains:  How 
does  the  windage,  i.  e.  the  value  of  iV  in  our  equations,  depend 
on  the  number  of  rows  of  blades  ?  Here  again  we  have  only  the 
most  meager  information.  Experiments  by  Lasche,  quoted  by 
Stodola,^  gave  for  wheels  with  from  i  to  4  rows  but  otherwise, 
presumably,  similar,  resistances  which  stood  in  the  following 
relation : 

Number  of  rows  of  blades        1234 
Relative  resistance  i         1.2         1.6        2.4 
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But  the  escperiments  were  on  wheels  which  were  not  closely 
encased  so  that  they  do  not  give  us  much  practical  assistance. 
The  increase  of  resistance  with  number  of  rows  of  blades  would 
probably  be  very  much  less  rapid  if  the  wheels  were  run  in  cas- 
ings with  fine  clearances. 

13.  Dynamically  Similar  Wheels. — ^The  one  fact  which  emerges 
clearly  from  the  foregoing  discussion  is  that  the  task  of  provid- 
ing data  for  the  development  of  a  satisfactory  general  formula 
for  computing  the  windage  losses  of  high-speed  steam  turbines, 
has  hardly  been  begun.  Suggestions  as  to  future  lines  of  experi- 
ment are  therefore  in  place  here. 

Up  to  peripheral  speeds  of  at  least  one-half  the  speed  of  soundi 
or  about  700  feet  per  second  for  steam,  we  are  justified  in  treat- 
ing the  medium  as  incompressible  and  the  resistance  phenomena 
may  be  described  by  an  equation  of  the  general  form  (4) .     If  we 

introduce  the  "kinematic  viscosity"  1/=-,  the  equation  may  be 
written 


f^'^K^)  (^7) 


^  being  a  function  of  which  the  form,  though  unknown,  is  fiixed 
by  the  shape  of  the  wheel  and  casing. 

Let  us  compare  two  geometrically  similar  wheels  of  diameters 
D  and  Do  running  in  media  of  densities  p  and  po  and  kinematic 
viscosities  p  and  v^,  at  speeds  of  rotation  which  stand  in  the  ratio 


n.    hXd) 


(28) 


Speeds  thus  related  are  **  corresponding  speeds." 
At  corresponding  speeds 

V  Po 

nJD^'^nJD^ 

* 

and  since  the  form  of  ^  depends  only  on  the  shape,  which  is  the 
same  for  the  two  wheels,  we  have 


4^rKi^) 
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no  matter  what  the  shape  of  the  wheels  and  the  form  of  the  func- 
tion 9  may  be.  The  ratio  of  the  dissipation  by  the  two  wheels 
at  corresponding  speeds  is  therefore,  by  equation  (27) 


6 


P  ^  pn^D 

Po^Po<Do' 

or  by  equation  (28)  which  defines  corresponding  speeds, 


Any  two  geometrically  similar  wheels  running  at  corresponding 
speeds  constitute  a  pair  of  **d)mamically  similar"  systems,  and 
the  power  dissipated  by  either  may  be  determined  from  an  experi- 
ment on  the  other  by  means  of  equation  (29) ,  if  the  diameters  of 
the  wheels  are  measured  and  the  densities  and  kinematic  vis- 
cosities of  the  media  are  known. 

If  the  experiments  are  all  made  in  the  same  medium  so  that 
p^Po  and  v^i'o*  corresponding  speeds  are  inversely  as  the  squares 
of  the  diameters  and  the  powers  dissipated  at  corresponding 
speeds  are  inversely  as  the  diameters. 

If  T  and  T©  are  the  torques  required  to  drive  the  wheels  at 
corresponding  speeds,  since  PocnT  we  have  by  (28)  and  (29) 

At  corresponding  speeds  in  a  given  medium  the  torque  is  directly 

as  the  diameter. 

The  shearing  stress  in  the  metal  of  the  shaft,  so  long  as  the 

shaft  is  not  sensibly  distorted,  is  proportional  to  the  torque 

divided  by  the  cube  of  the  shaft  diameter,  or  with  similar  wheels 

T 
to  y^.     Hence  the  ratio  of  the  shearing  stresses,  5  and  So,  in  the 

shafts  of  two  dynamically  similar  wheels  is 

5 
So 


-mm 


At  corresponding  speeds  in  a  given  medium  the  shearing  stresses 
are  inversely  as  the  squares  of  the  diameters. 
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The  centrifugal  stresses  C  and  Co  in  the  metal  of  the  two  wheels, 
if  they  are  of  the  same  density,  will  stand  approximately  in  the 
ratio. 


Co\vJ\d) 


(32) 


At  corresponding  speeds  in  a  given  medium,  the  centrifugal 
stresses  are  inversely  proportional  to  the  squares  of  the  diameters 
if  the  wheels  are  of  the  same  density. 

14.  The  Use  of  Model  Wheels  in  Studying  Windage. — ^To  avoid 
the  difficulties  of  working  with  large  wheels,  it  may  be  desirable 
to  utilize  the  results  of  model  experiments  as  is  done  in  determin- 
ing ship  resistance. 

If  we  limit  ourselves  to  tne  use  of  a  single  medium,  the  prac- 
ticable range  of  scale  reduction  is  not  great,  unless  the  full-sized 
original  runs  very  slowly,  and  this  case  is  not  interesting  because 
we  know  that  at  low  speeds  the  windage  losses  are  too  insignificant 
to  demand  much  attention.  For  dynamical  similarity  in  a  given 
medium,  a  quarter-scale  model  must,  by  equation  (28)  run  at  16 
times  as  many  revolutions  per  minute  as  the  full-sized  original; 
and  by  equation  (32),  the  centrifugal  stresses  in  the  wheel  will 
then  be  16  times  as  great  in  the  model  as  in  the  original;  an 
increase  which  would  usually  not  be  permissible.  Furthermore, 
the  peripheral  speed  of  the  model  will  be  4  times  that  of  the  original 
and  may  approach  the  acoustic  speed  so  closely  as  to  invalidate  our 
fundamental  assumption  that  the  medium  behaves  sensibly  as  if  it 
were  incompressible.  There  is  evidently  not  much  information 
to  be  got  from  small  scale  models  unless  they  can  be  nm  in  a  med- 
ium of  much  less  kinematic  viscosity  than  steam,  so  that  the  speed 
of  the  model  may  be  reduced,  in  accordance  with  equation  (28). 

Water  is  such  a  medium.  Using  values  from  I<andolt  and  Bom- 
stein's  tables,  and  comparing  water  with  air  which  is  known  to 
act  like  dry  steam,  we  have  at  20^  C  and  i  atmosphere  pressure. 
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Let  it  be  desired  to  find  the  power  dissipated  by  a  wheel  of  diam- 
eter Do  rumung  no  revolutions  per  minute  in  air,  by  means  of 

experiments  on  a  model  of  diameter  Z?«— ^  running  in  water, 

the  temperature  being  20^  C  in  each  case  and  the  air  being  at 
normal  pressure.  We  then  have  to  substitute  in  equations  (6) 
to  (10) 

— -828  —=0.0644 

Po  Vo  ^ 

p 

the  uncertainty  of  —  being  about  ±  3  per  cent. 

For  any  given  scale  ratio  r,  the  ratio  of  corresponding  speeds, 
n  for  the  model  and  tto  for  the  original  will  be,  by  equation  (28) , 

—  -  o.o644r*  ±  3  per  cent  (33) 

tto 

The  ratio  of  the  powers  dissipated  at  corresponding  speeds  will 
be,  by  equation  (29) , 

p 

•H-*=o.222  r±6  per  cent  (34) 

from  which  Po  can  be  fotmd  if  P  has  been  meastu^d  in  an  experi- 
ment on  the  model. 

We  must  next  consider  whether  the  stresses  in  the  wheel  and 
shaft  of  the  model  will  rise  too  high  when  we  make  a  convenient 
reduction  of  diameter.  Taking  first  the  centrifugal  stresses  in 
the  wheel,  we  have  by  substitution  in  equation  (32) 

p- -0.00415  r»  (35) 

Setting  C-*Co  and  solving  for  r,  we  find  that  the  stress  of  any 
point  in  the  model  will  not  exceed  that  at  the  corresponding  point 
in  the  original  until  r>i5.7.  As  a  10  to  i  reduction  will  usually 
be  ample,  there  will  be  no  difficulty  regarding  the  bursting  strength 
of  the  model  if  it  is  made  of  the  same  material  as  the  full-sized 
wheel. 
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For  the  ratio  of  the  shearing  stresses  in  the  shaft,  equation  (31) 
gives  us 

(36) 


5^-3.43  r» 


A  scale  reduction  r » 10  would  thus  give  us  343  times  as  great  a 
stress  in  the  shaft  of  the  model  as  in  the  original  shaft.  This,  at 
first  sight,  looks  quite  impracticable.  But  in  fact  turbine  shafts 
are  generally  made  much  stronger,  for  the  sake  of  stiffness,  than  is 
required  by  torsional  strength;  and,  furthermore,  the  torque  due 
to  windage  when  the  wheel  is  driven  light  is  only  a  few  per  cent 
of  the  torque  of  the  wheel  running  at  full  load.  Hence  the  ratio  343 
would  probably  not  always  be  excessive.  However,  doubling  the 
diameter  of  the  shaft  of  the  model  would  have  hardly  any  effect  on 
its  windage  resistance,  and  by  such  a  small  sacrifice  of  exact  geo- 
metrical similarity  the  use  of  a  model  in  water  might  alwa3rs  be 
made  practicable,  so  far  as  the  strength  of  the  shaft  is  concerned. 
To  make  the  matter  more  concrete  we  may  carry  out  the  com- 
putations for  a  few  typical  cases  of  wheels  run  in  air  in  comparison 
with  models  of  12  inches  diameter  run  in  water.  We  have  the 
values  given  in  Table  1 1 . 

TABLE  11 


Dtam- 

Fnn-tind 
dlaoMltr 

WllMl 

iiilofor 
M-lncli 

■■mJlj.t 

mQcwi 

SvMdol 
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rtfWUt 

Stnm 
nOo  la 
dMtti 

D. 

(incliM) 

(r.  ^  m.) 

"^    D 

(r-pTm.) 

P 
.   Pi 

S 

5« 

36 

3600 

3 

2090 

a67 

SI 

60 

1800 

5 

2900 

1.11 

86 

84 

900 

7 

2840 

tss 

168 

120 

450 

10 

2900 

2.22 

848 

It  therefore  appears  that  the  investigation  of  such  cases  as  are 
commonly  met  with,  by  means  of  12-inch  models  run  in  water, 
would  be  quite  practicable  so  far  as  the  points  already  treated 
are  concerned,  and  only  one  further  point  remains  to  be  considered. 
This  is  the  question  of  cavitation. 
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If  cavitation  occurs  in  the  water  the  similarity  of  the  model 
and  the  caigiiial  will  cease  to  exist,  and  equation  (29)  will  not  give 
correct  results.  To  avoid  cavitation,  the  water  surrounding  the 
OKxlel  must  be  imder  pressure  and  the  casing  must  be  constructed 
accordingly.  At  atmospheric  pressure  and  high  speeds  cavita- 
tion will  certainly  occur.  If  the  pressure  on  the  water  is  increased 
the  cavitation  will  decrease  and  the  torque  at  a  fixed  speed  will 
change  until  the  pressure  has  been  increased  so  much  that  cavita- 
tion has  been  eliminated.  By  observing  the  variation  of  torque 
or  power  with  the  pressure  at  any  given  speed  we  have  thtjs  a 
means  for  finding  what  pressure  is  needed  in  order  to  eliminate 
cavitation  and  make  sure  that  the  model  in  water  is  comparable 
with  its  original  in  air  or  steam.  It  remains  to  be  seen  whether 
the  pressures  required  would  be  impracticably  high,  but  it  appears 
that  the  metluMl  of  model  experiments  is  worth  tr3ring. 

15.  Summary. — I.  The  power  P  required  to  drive  a  turbine 
wheel  of  diauKter  D  at  n  revolutions  per  imit  time  ^^ainst  the 
resistance  of  a  homogeneous  medium  of  density  p  and  viscosity  fi, 
when  the  peripheral  speed  does  not  exceed  one-half  that  of  sound, 
may  be  represented  by  an  equation  of  the  general  iocm 


-'^'^^) 


m 


in  which  the  form  of  the  unknown  function  g>  depends  solely  on 
the  shape  of  the  wheel  and  its  casing. 

II.  Throughout  the  practical  range  of  the  experimental  data, 
equation  (I)  has  the  simpler  fcam 

P~N(^-»n*-*D'-^t^  (II) 

the  abstract  numerical  constant  N  havii^  a  value  which  is  deter- 
mined solely  by  the  shape  of  the  wheel  and  casing.  All  the 
reliable  data  wJnch  we  have  8^[ree  with  equation  (II)  or  with  direct 
deductions  from  it. 

III.  At  low  speeds  the  value  of  £  is  nearly  unity  and  the  resist- 
ance is  directly  proportional  to  the  viscosity  of  the  medium.     At 
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speeds 


small  quantity  and  we  have  approximately 

P^Nfm^iy  (III) 

A  closer  approximation  is  obtained  by  setting  £ « o.  i  whence 

IV.  For  wheels  of  ordinary  shapes,  running  either  in  the  open 
or  in  casings  with  fairly  large  clearances,  the  "shape  coefficient" 
N  may  be  expressed  approximately  by  the  equation 

N~A+b(^J  (IV) 


in  which  l/D  is  the  ratio  of  the  blade  length  to  the  disk  diameter. 
The  disk  coefficient  A  increases  with  roughness  of  the  disk;  the 
blade  coefficient  B  decreases  when  the  clearance  round  the  blades 
is  decreased,  but  no  more  definite  statements  are  warranted. 

V.  (a)  For  designing  purposes  we  may  first  compute  the  windi^ 
loss  by  the  following  equation  deduced  from  Stodola's  results : 

P«io->-,m»Z)j^i+59o(j^J]  (V) 

In  this  equation 

P  « the  horsepower  dissipated 

p  » the  density  of  the  medium,  in  pounds  per  cubic  foot 

n»the  speed,  in  revolutions  per  minute 

D  >"the  diameter,  in  inches,  at  the  root  of  the  blades 
/ « the  length  of  the  blades,  in  inches 
The  equation  is  applicable  to  wheels  of  ordinary  shapes  with  one 
row  of  shrouded  blades,  running  in  the  open  or  in  casings  which 
leave  large  clearances,  in  a  homogeneous  medium  such  as  air  or 
dry  steam. 

(b)  Reducing  the  clearances,  especially  rotmd  the  blades,  reduces 
the  windage.  In  some  cases  the  amount  of  this  reduction  may  be 
estimated  from  Table  lo  but  no  general  quantitative  statement 
is  possible.    The  reduction  affects  mainly  the  blade  term. 

(c)  Open-ended  blades  have  more  resistance  than  shrouded 
blades,  to  which  equation  (V)  refers,  but  there  are  no  data  to 
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show  how  much.  When  the  radial  clearance  over  the  blade  t 
small,  the  presence  or  absence  of  shrouding  will  have  little  e 

id)  A  wheel  run  backward  experiences  a  greater  resis 
than  the  same  wheel  run  forward,  i.  e.,  in  the  normal  dire< 
When  running  in  the  open  the  difference  may  be  considei 
but  if  the  clearances  round  the  blades  are  small,  the  resis 
backward  is  not  much  greater  than  the  resistance  forward. 

(e)  Each  additional  row  of  blades  increases  the  resist 
When  run  in  the  open,  a  four-row  wheel  may  have  two  and  om 
times  the  resistance  of  a  one-row  wheel,  but  there  are  no  ado 
data  published.  With  short  blades  and  fine  clearances  the 
of  increasing  the  number  of  rows  will  be  much  less  than 
indicated. 

(/)  A  wheel  run  in  wet  steam  experiences  more  resis 
than  in  dry  steam  or  air  of  the  same  density.  In  Lewicki's  e: 
ments  the  increase  was  30  per  cent;  we  have  no  other  infi 
tion  on  this  point. 

(g)  Equation  (V)  gives  the  power  absOTbed  when  the  wli 
driven  from  without.  If  the  wheel  is  working  in  the  usual  m 
we  may  reduce  the  blade  term  in  the  ratio  of  the  number  c 
blades  to  the  whole  number. 

(A)  The  values  given  by  equation  (V)  may  be  too  large, 
daily  for  smooth  wheels  with  short  blades;  for  the  disk  coefl 
used,  viz. :  A  =  10-",  is  larger  than  the  values  deduced 
other  experiments. 

VI.  liie  necessary  indefiniteness  of  many  of  the  statei 
made  under  V  is  due  to  lack  of  experimental  data.  No  fa 
based  only  on  our  present  knowledge  can  be  trusted  to  give  ac( 
results,  and  00  formula  which  has  not  the  general  form  (11)  s 
be  used  for  extrapolation  beyond  the  limits  of  the  expert 
from  which  it  was  deduced.  Equation  (V),  if  used  as  indi< 
probably  gives  safe  maximum  values. 

VII.  The  method  of  model  experiments  is  applicable  t 
study  of  the  windage  losses  of  steam  turbines  and  might  prov 
useful  by  decreasing  some  of  the  difficulties  encountered  in  m 
systematic  experiments  on  a  large  number  of  full-sized  whe« 

Washington,  July  25,  1913. 
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I.  RBVIEV  OF  PREVIOUS  WORK 
1.  DXTERMIIfATIOIlS  PREVIOUS  TO  1870 

The  determinations  of  ttie  heat  of  fusion  of  ice  up  to  the 
1870  have  been  reviewed  by  A.  W.  Smith,'  who  prepared  Ta 
giving  a  summary  of  the  results: 

There  is  great  variation  among  the  results  of  these  et 
determinations,  many  of  them  are  based  on  but  few  experim 
and  there  is  little  doubt  that  the  experiments  were  carried 
under  conditicms  much  less  favorable  than  for  those  made  : 
recently. 

'  tiiTL  Scv.  17,  p.  Tu:  iv». 
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uciwtphrj 
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2.  DBTBRKraATIOHS  SDBSBQDBIIT  TO  1S70 

Smith,  Arthur  W.*  (1903). 

As  a  result  of  eight  expenments  with  the  purest  ice  Smith 
found  for  the  heat  of  fusion  334.21  joules  per  gram  (weighed  in 
air  against  brass  weights)  based  on  the  value  1.434  volts  for  the 
Clark  cell  at  15°  C.  Expressed  on  the  basis  of  the  present  dectrical 
units  "  and  gram  mass  (i.  e.,  weighir^  reduced  to  vacuo)  this 
value  becomes  333.24  joules  per  gram.  If  4.187  joules  are  equiva- 
lent to  one  15°  calorie  (see  p.  255),  the  above  result  reduces  to 
79.59  calories  per  gram. 

Bogojawlensky  "  (1904). 

This  experimenter  used  mercuiy  as  the  calorimetric  medium, 
employing  the  method  of  mixtures.     The  results  of  six  experi- 

»  The  Joule  hat  lued  li  defined  by  the  ntlo^w 
pmaed  In  Intamtliiaal  ohnu.    Tbt  rdt  li  bated  en 
The  intenuitioiul  ohm  ia  the  miiUiicc  o&owl  to  ■: 
■t  the  tempentnre  of  meltfaig  Ice.  u.ts"  imtiila  sun.  of  ■  ccnituit  cn>M  MCtkoal  ana  «ad  of  a  koftfa 
ol  To6.j<w  catimetm. 

11  SchiUtBi  del  Dorpiter  NatDrfondHT 


o«*»j«.Har*».j         Latent  Heat  of  Fusitnt  of  Ice  237 

ments  on  the  heat  of  fusion  of  ice  range  from  79.41  to  79.91  with 
a  mean  value  of  79.61  calories. 

He  also  determined  the  specific  heat  of  ice  over  the  temperature 

range  from  — 85"  C  to  — 5°.5C.     For  reduction  of  the  heat  of 

fusion  detenninations  in  which  the  range  of  temperature  of  the 

ice  was  from  - 10**  to  o",  he  used  0.52  for  the  specific  heat  of  ice. 

Roth,  iV.A.i' (1908). 

Roth  has  assembled  the  results  of  a  nimiber  of  determinations 
of  the  density  of  ice  and  deduced  a  value  to  use  in  calctilating  the 
heat  of  fusion  of  ice  from  the  data  of  Behn  "  and  of  Dieterici," 
both  of  whonf  used  the  Bimsen  ice  calorimeter. 

The  density  determinations  reviewed  are  as  follows: 

Btmsen  (Ges.  Abb.,  S,  p.  475),  conccted  value a 9168 

Zaktzevald  (Aim.  der  Phya.  6)>  ^^i  P-  ^SS:  '89a) 91658 

Leduc  (Compt.  rend.,  142,  p.  149;  1906) 9176 

f  ■  9^^3 

Nichob  (Fbya.  Rev.,  8,  p.  91;  1899) I        to 

I  ■ 9>79S 

Baniei  {Pbtfs.  Rev.,  18,  p.  55;  1901) 91649 

Vincent  (Phya.  Rev.,  1(,  p.  139;  1903) 916a 

He  States  the  mean,  excluding  Nichol's  values,  to  be  0.9167, 
but  uses  Bunsen's  corrected  value  0.9168  on  the  assumptitm  that 
the  conditions  of  producing  the  ice  used  in  that  density  determi- 
nation were  nearly  the  same  as  those  under  which  the  ice  calori- 
meter  is  generally  used. 

Applying  this  value  to  Behn's  data  Roth  obtains  for  heat  of 
fusion  of  ice  79.69  csd^gn  similarly  for  Dieterici's  data  79.60  calu°. 

A  summary  of  the  foregoing  values  giving  the  results  of  the  most 
important  determinations  subsequent  to  1870  is  given  in  Table  2. 


I'  Zt.  lib  Phyi.  Chan..  CI.  p.  441:  lyoS. 
"  Ann.  da  Pbyt.  (4}.  lii  p.  Gu.  ipos- 
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IV*L  to. 


Date 

mmta 

HMt«f  foilMl 

KSSM 

calif 

Btupar 
pomd 

ffmifli 

190S 
1904 
1905 
1905 

8 

6 

"79.59 
79.61 
79.69 
79.60 

143.  S 

BafoiiwlMiiky 

143.  S 

Btkn  (caknlalsd  by  Rotb)              

14X4 

DMtrici  (caknlattd  Iv  Rath) 

143.3 

Mfim                

79.62 

143.3 

"  The  determinatioiis  of  Smith  have  been  recalculated  to  the  basis  of  the  15*  calorie  and  the  gram  masa. 
The  remaining  values  are  taken  from  the  publications  dted. 


n.  DESCRIPTION  OF  CALORIMETRIC  METHODS 

AND  APPARATUS 

1.  CALORDIETRIC  METHODS 

Two  methods  of  calorimetry  were  employed  in  this  work.  In 
both  methods  the  precision  calorimeter  described  later  was  used, 
with  calorimetric  platinum  resistance  thermometers,  water  being 
the  calorimetric  medium.  One  was  the  well-known  method  of 
mixtures.  The  other  was  an  electrical  method  somewhat  resem- 
bling that  of  A.  W.  Smith,  but  differing  from  it  in  the  use  of  water 
instead  of  oil  as  the  calorimetric  medium,  in  the  form  and  size 
of  ice  specimens,  and  in  the  type  of  calorimeter  and  thermometers. 
The  ice  sample  was  put  directly  into  the  water  and  the  approxi- 
mate amount  of  energy  required  to  melt  the  ice  supplied  electri- 
cally and  measured,  the  small  excess  or  deficiency  being  determined 
from  the  small  rise  or  fall  of  temperature  of  the  calorimeter. 
The  temperature  of  the  calorimeter  water  thus  remained  very 
constant,  although  a  large  amount  of  ice  was  used,  and  the  cor- 
rections for  heat  interchange  between  calorimeter  and  surround- 
ings were  rendered  small. 

Although  the  electrical  method  as  here  carried  out  is  the  more 
precise  because  of  the  avoidance  of  large  cooling  corrections, 
nevertheless  the  ultimate  accuracy  with  which  the  results  can  be 
expressed  in  terms  of  the  calorie  is  limited  by  the  accuracy  with 
which  the  ratio  of  the  joule  to  the  calorie  is  known  (at  present 


Fig.  1. — The  calorimeter,  assembled  as  used 
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probably  about  i  part  in  2000) ;  and  for  this  reason  the  less  pre- 
cise method  of  mixtures  was  used  as  a  direct  and  independent 
check. 

The  methods  of  manipulation  are  described  more  in  detail 
later  (pp.  242-245). 

2.  CALORIMETER 

A  calorimetric  outfit  originally  developed  for  use  with  combus- 
tion bombs,  but  which  has  proved  very  well  adapted  to  various 
calorimetric  problems,  was  used  without  modifications  for  the 
present  investigation.  This  calorimeter  is  described  briefly  below. 
A  more  detailed  description  of  it  will  be  communicated  in  the 
paper  cited  in  footnote  23,  p.  260. 

Pig.  I  shows  the  jacket  and  the  induction  motor  as  they  appear 
in  use. 

The  stirrer  mounted  in  the  cover  automatically  keeps  water 
from  the  jacket  circulating  through  the  cover.  The  parabolic 
speed  indicator  mounted  on  top  of  this  stirring  shaft  indicates 
the  speed  of  stirring. 

The  ciurent  and  potential  leads  to  the  electric  heating  coil  are 
brought  in  across  the  top  of  the  jacket  inside  of  a  closely  fitting 
copper  sheath  (Q),  from  which  they  are  insulated  by  thin  mica. 
The  sheath  is  in  close  contact  with  the  top  of  the  jacket  and  is 
covered  with  a  felt  pad,  so  that  the  leads  will  be  very  nearly  at 
the  same  temperature  as  the  jacket. 

Terminals  to  the  heating  coil  in  the  jacket,  and  the  upper  part 
of  the  thermostat  used  when  necessary  to  maintain  a  constant 
temperature  in  the  jacket,  are  also  shown,  marked  (H)  and  (T). 

Fig.  2  shows  the  jacket  with  its  cover  turned  aside  to  admit 
the  calorimeter,  illustrating  how  the  cover  is  conveniently  opened 
and  closed  without  interfering  with  the  stirring  in  the  jacket. 
The  calorimeter  proper  (C) ,  with  its  cover  and  detachable  handle 
(L) ,  and  the  heating  coil  (M)  are  shown  at  the  right.  The  figure 
also  includes  a  displacement  buoy  (D)  and  a  combustion  bomb 
(B)  not  used  in  these  experiments.  A  heating  coil  (H)  for  the 
jacket  and  the  thermostat  (T)  appear  at  the  left. 
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P^.  3  shows  the  details  of  construction,  representing  a  section 
through  the  three  stirring  shafts.  The  direction  of  circulation  of 
the  water  is  indicated  by  arrows.  The  main  jacket  stirrer  draws 
water  from  the  bottom  of  the  jacket,  sending  part  of  it  through 
the  cover,  which  is  at  a  higher  level  than  that  of  the  water  in 
the  jacket,  and  allowing  the  remainder  to  overflow  into  the  upper 
part  of  the  jacket.     The  method  of  connectii^  the  calorimeter 


Rg.  4.— /Kri«  of  calonmtt4r 


Stirrer  to  its  shaft  is  also  shown.  The  energy  supplied  by  the 
stirrer  is  due  to  fluid  friction  only,  since  there  is  no  bearing  within 
the  calorimeter. 

Fig.  4  is  a  plan  of  the  instrument  with  the  cover  open. 

There  are  thus  realized  (i)  a  well-stirred  water  calorimeter,  (2) 
a  very  nearly  uniform  temperature  jacket  completely  surround- 


242  Bulletin  of  the  Bureau  of  Standards  [va^ia 

ing  it,  and  (3)  the  absence  of  any  material  of  sensible  heat  capacity 
at  an  intermediate  temperature  which  could  affect  the  rate  bf 
cooling. 

Constants  of  the  calorimeter  are  as  f oUoivs : 

Water  equivalent  of  metal  container  and  all  fixed  metal  parts 
as  used,  nearly  all  copper,  41  grams. 

Water  equivalent  of  heating  coil,  11.5  grams. 

Capacity  of  calorimeter,  3750  cm*. 

Cooling  constant  o?oooo30  per  second  per  degree,  or  o.  1 1 5  calo- 
ries per  second  per  degree. 

Variation  of  cooUng  constant  with  temperature,  o?oooooo2  per 
degree. 

Power  supplied  by  stirrer  at  300  r.p.m.,  0.051  watts;  heats  the 
calorimeter  o?oooooo32  per  second. 

Residual  effect  of  the  temperature  of  the  room  on  the  cooling 
constant,  due  to  heat  conducted  by  electrical  lead  wires,  etc., 
past  the  jacket  into  the  calorimeter,  is  0.0014  calories  per  second 
per  d^pree  difference  in  temperature  between  room  and  jacket. 

The  sensitive  platinum  resistance  thermometers  used  to  measure 
the  temperature  of  the  calorimeter  water  have  been  described  in 
detail."  As  used  they  could  be  read  to  o?oooi  C  and  were  prob- 
ably accurate  to  o?ooo3. 

The  difference  in  temperature  between  the  calorimeter  and  jacket 
was  determined  by  means  of  a  copper  constantan  thermoelement 
the  two  junctions  of  which  in  the  form  of  flat  plates  rested,  one 
against  the  bottom  of  the  calorimeter  and  the  other  against  the 
jacket. 

3.  EIBCTRICAL  METHOD 

A  steady  supply  of  energy  in  the  calorimeter  heating  coil  was 
furnished  by  a  storage  battery  of  80  volts.  The  current  was  so 
Constant  that  the  mean  value  could  be  determined  to  i  part  in 
20000  during  the  period  of  five,  six,  or  seven  minutes  for  which 
it  was  usually  employed.  The  measurement  of  the  energy  con- 
sisted of  determinations  of  the  current,  the  potential  difference 
between  the  coil  terminals,  and  the  dturation. 

1*  DickiiuMm  aad  Mudlcr:  New  Calorimctric  Resistaace  Thcrmbmeters,  this  Bull..9,  p.  483;  19x3. 
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The  method  of  these  measurements  has  been  previously  de- 
seribed.*^  A  diagram  of  the  circuits  is  shown  in  Figure  5.  The 
quick  break  switch  (S)  seived  to  throw  the  current  into  either 
die  heating  coil  (M)  or  a  rheostat  (R)  of  equal  resistance  outside 
the  calorimeter,  and  simultaneously  to  record  on  the  chrono- 
graph tape  the  time  when  the  switch  was  thrown.  Measurements 
of  current  and  potential  difference  were  taken  alternately  during 
the  period  of  energy  supply,  using  the  switch  (K)  which  connects 
the  potentiometer  with  either  the  o.i-ohm  coil  or  the  volt  box. 
The  heating  coil  was  of  such  a  resistance  (10  ohms)  that  the 
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Fig.  5. — Dhgram  of  circuits  for  d^ctrhal  wmdiod 


potentiometer  settings  were  very  nearly  the  same  for  both  measure- 
ments. The  mean  current,  mean  potential  difference  and  the 
time,  the  product  of  which  measures  the  total  energy,  were  each 
measured  to  better  than  i  part  in  20000. 

In  this  method  the  difference  in  temperature  of  the  calorimeter 
water  before  and  after  melting  the  ice  was  seldom  more  than  o?2  C. 
However,  during  the  period  of  melting,  on  account  of  the  more 
rapid  melting  of  the  ice  sample  when  first  introduced,  the  tempera- 
ture of  the  calorimeter  fell  during  the  earlier  part  and  rose  later. 
(See  Fig.  9.)     The  shape  of  the  ice  sample  was  chosen  with  a 


>'  Dickinsoo,  Mitdlcr.  «id  G«or|c:  Spedflc  Heat  of  OOdiim  Chloride  Sdntkat,  tliit  Bull..  «.  p.  379: 
1910. 
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view  to  making  the  rate  of  melting  as  uniform  as  possible. 
(See  p.  246.) 

The  mean  temperature  difference  between  calorimeter  and  jacket 
was  obtained  by  observations  on  the  thermoelement  at  half- 
minute  intervals. 

The  procedure  for  a  determination  was  as  follows:  The  ice 
specimen  of  suitable  shapp  and  size  was  weighed  approximately 
to  determine  the  amotmt  of  water  necessary  to  accommodate  it 
in  the  calorimeter.  This  amount  of  water  was  weighed  into  the 
calorimeter,  the  calorimeter  was  put  in  place  in  the  jacket,  and 
the  heating  coil  placed  in  the  calorimeter.  The  jacket  cover  was 
then  closed,  the  thermometer  inserted,  the  stirrer  started,  and 
the  temperature  of  the  calorimeter  adjusted  to  that  of  the  jacket 
by  use  of  the  thermocouple.  Meanwhile  the  ice  specimen  was 
accurately  weighed  and  the  heating  current  adjusted  to  supply  the 
required  amount  of  energy  when  flowing  for  a  suitable  int^^ 
number  of  minutes,  so  determined  by  preliminary  experiments 
as  to  cause  least  variation  in  temperature  of  the  calorimeter. 
To  avoid  error  due  to  the  contact  device  on  the  standard  clock,  the 
current  was  alwajrs  thrown  on  and  off  at  the  same  break  second. 

After  several  observations  of  the  temperature  of  the  calorimeter, 
the  operations  of  opening  and  closing  the  jacket  cover  were  per- 
formed in  the  same  manner  as  when  introducing  an  ice  specL 
men  and  the  temperature  was  again  observed  in  order  to  deter- 
mine the  thermal  effect  of  opening.  This  was.  found  to  be  from 
o?ooi  to  o?oo4  and  to  vary  with  surrounding  conditions,  so  that 
as  a  precaution  it  was  observed  for  nearly  every  determination. 

With  all  in  readiness  the  cover  was  opened,  the  specimen 
introduced  as  described  later  (p.  248) ,  the  heating  current  thrown 
on,  the  cover  closed,  stirrer  started,  and  thermometer  reinserted^ 
all  these  manipulations  taking  place  according  to  a  prearranged 
program.  One  observer  immediately  began  to  take  the  poten- 
tiometer readings  and  the  other  took  frequent  readings  on  the 
thermocouple  for  the  temperature  difference  between  calorimeter 
and  jacket  until  the  temperature  again  became  steady.  Then 
another  accurate  temperature  determination  was  made  by  means 
of  several  observations  with  the  resistance  thermometer. 
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The  small  change  in  temperature  of  the  calorimeter,  the  heat 
loss  or  gain  to  the  jacket,  and  the  effect  of  opening  the  calo- 
rimeter are  treated  as  corrections  to  the  total  measured  energy 
supplied  electrically. 

The  cooling  constant,  effect  of  stirring  and  lead  conduction, 
and  thermocouple  sensibility  were  frequentiy  determined,  although 
the  corrections  due  to  these  factors  proved  so  small  as  to  render 
this  precaution  almost  unnecessary. 

4.  METHOD  OF  mXTURES 

In  the  determinations  by  the  method  of  mixtures  the  heating 
coil  and  the  apparatus  for  measurement  of  electric  energy  were 
not  required.  In  other  respects  the  apparatus  and  experimental 
procedure  were  similar  to  those  of  the  electrical  method  except 
that,  owing  to  the  desirability  of  keeping  the  cooling  correction 
within  suitable  limits,  smaller  specimens  of  ice  (100  to  200  grams) 
were  found  better  suited  to  the  method  of  mixtures. 

The  initial  temperature  of  the  calorimeter  was  made  slightiy 
lower  than  that  of  the  jacket  and  the  final  temperature  was 
from  3*^  to  6®  lower,  depending  upon  the  amotmt  of  ice  melted. 
The  temperature  difference  between  jacket  and  calorimeter  dur- 
ing the  experiment  was  in  some  cases  determined  by  the  thermo- 
couple and  in  others  by  the  resistance  thermometer.  The  cooling 
corrections  in  this  method  were  usually  of  the  order  of  2  per 
cent  of  the  total  heat  in  question. 

m.  MATERIALS 

The  ice  used  for  most  of  the  determinations  was  commercial 
artificial  can  or  plate  ice  frozen  from  city  filtered  water  which  was 
distilled  and  boiled  before  freezing.  The  samples  were  especially 
selected  for  clearness  and  freedom  from  bubbles.  The  can  ice 
was  the  same  as  that  used  regularly  at  the  Bureau  of  Standards 
for  determining  ice  points  of  thermometers.  Frequent  conduc- 
tivity tests  showed  it  to  be  very  pure. 

For  ptuposes  of  comparison,  determinations  were  made  on  ice 
from  several  other  sources.     Natural  ice,  about  one  foot  thick, 
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from  Maine  was  used  in  preparing  the  specimens  for  five  of  tlie 
experiments.  This  ice  was  not  very  clear  in  appearance,  contain- 
ing many  air  bubbles,  but  conductivity  tests  showed  that  it  was 
nearly  as  ptu^  as  double-distilled  water. 

A  number  of  specimens  were  prepared  from  double-distilled 
water  frozen  in  a  tin-lined  cylindrical  copper  vessel  constructed 
to  give  samples  of  the  required  shape  and  size.  The  water  was 
either  first  boiled  to  remove  dissolved  air  and  then  frozen  as  quickly 
as  possible  or  else  the  vessel  was  evacuated  and  the  water  frozen 
while  the  air  was  excluded.  These  processes  were  not  entirely 
successful  in  producing  perfectly  clear  ice,  although  ice  of  a  very 
good  d^;ree  of  clearness  was  obtained. 

One  sample  was  frozen  from  water  purposely  contaminated 
with  a  mixture  of  ammonia,  sodium  chloride  and  calcium  chlo- 
ride, to  the  extent  of  about  i  part  in  1000. 

IV.  MANIPULATION  OF  ICB 
1.  KANUFACTURE  OF  SPBCIMBNS 

In  order  to  secure  greater  tmiformity  in  the  rate  of  melting 
than  would  obtain  with  solid  blocks,  specimens  were  made  in  the 
shape  of  hollow  circular  cylinders  of  about  9.5  cm  outside  diam- 
eter and  from  2  to  4  cm  inside  diameter.  The  lengths  varied 
from  about  3  cm  to  9.5  cm.  Fig.  6  shows  a  photograph  of  two  of 
the  specimens  in  the  copper  holders. 

In  making  the  specimens  from  commercial  ice  a  rectangular 
piece  was  first  sawed  from  the  selected  soUd  block.  By  planing 
with  an  ordinary  ice  shaver  this  was  worked  down  to  a  cylinder 
of  the  required  diameter,  which  was  then  sawed  into  the  lengths 
desired.  A  hole  was  drilled  through  the  principal  axis  of  each 
specimen  and  enlarged  to  proper  size  by  running  tap  water.  A 
few  of  the  specimens,  which  were  dried  mechanically  at  the  melt- 
ing point,  were  left  solid.  The  ice  which  was  frozen  in  the  cylin- 
drical copper  can  was  obtained  in  the  form  of  a  hollow  cylinder 
and  required  only  to  be  sawed  into  the  desired  lengths. 
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2.  PRBCOOUNG  THB  SPECIMSNS 

mscBipnoH  or  crtostats 

In  order  to  insure  the  drjmess  of  the  ice,  except  for  the  few 
spedmens  which  were  mechanically  dried,  and  to  bring  the  speci- 
mens to  a  definite  temperature  before  the  determination,  two 
cryostats  were  used.  One  of  these  cryostats  is  shown  in  section 
in  Fig.  7.  The  cylindrical  copper  vessel  (A)  is  supported  within 
a  lai^er  cylindrical  vessel  externally  insulated  by  cork  chips  (C) 
within  a  wooden  box.  The  space  (B)  between  the  two  vessels  is 
packed  solidly  with  a  cryohydric  mixture  of  finely  shaved  ice,  a 
suitable  salt,  and  saturated  aqueous  solution  of  the  salt.  The  top 
of  the  vessel  (A)  is  covered  with  a  removable  vessel  (E),  also 
filled  with  the  cryohydric  mixture.  A  tube  extends  through  this 
cover  to  admit  the  suspension  hook  (G)  used  in  weighing  the 
specimens.    The  insulating  covers  (D)  and  (P)  are  removable. 

The  other  cryostat  was  similar  in  construction,  but  had  some- 
what thicker  insulation  and  lacked  the  central  tube  in  the  remov- 
able cover.  The  one  is  called  the  weighing  cryostat  and  the  other 
the  storage  cryostat.  Three  specimens  could  be  accommodated 
in  the  storage  cryostat  and  two  in  the  weighing  one,  as  shown. 

For  a  day's  series  of  determinations,  the  specimens  were  placed 
in  the  cryostats  the  previous  afternoon,  allowing  at  least  16  hours 
for  the  specimens  to  come  to  a  constant  temperature  before  the 
determinations  were  made.  The  salts  employed  were  boric  acid 
and  magnesium  sulphate,  U.S.P.  purity. 

3.  TEMPBRATURB  OF  CRTOSTATS 

For  determining  the  temperature  attained  in  the  cryostats, 
surveys  by  means  of  copper-constantan  thermoeletnents  were 
made.  Single  junctions  at  various  points  on  the  interior  wall  of 
the  cryostat  were  each  connected  to  a  reference  junction  kept  in 
ice.  The  thermo  electromotive  force  was  measured  by  a  potentio- 
meter, and  although  the  sensibility  was  a  fraction  of  a  microvolt, 
the  accuracy  of  the  temperatures  may  not  have  been  better  than 
o?o5  C,  on  account  of  the  fact  that  the  thermoelements  were  not 
rigidly  inclosed  and  possibly  not  always  immersed  to  the  same 
depth. 
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The  temperature  uniformity  of  the  interior  walls  was  found  to 
be  better  in  the  storage  cryostat  than  in  the  weighing  one,  both 
as  to  vertical  distribution  and  constancy  with  time. 

Further  test  as  to  the  temperature  assumed  by  an  ice  specimen 
in  the  cryostats  was  made  by  inserting  four  junctions  directly 
into  holes  drilled  in  the  ice.  The  holes  were  then  filled  with  water, 
plugged  up,  the  water  frozen  and  the  specimen  placed  in  the 
cryostat  as  when  preparing  for  a  detennination.  It  was  fotmd 
that  a  specimen  thus  prepared  and  put  in  the  cryostat  at  4  p.  m. 
attained  by  9  a.  m.  next  day  an  equilibrium  temperature  condi- 
tion within  the  accuracy  of  the  tests  referred  to  above. 

Transfer  of  the  specimen  from  the  storage  cryostat  to  the 
weighing  one  produced  a  small  rise  of  temperature  which  per- 
sisted while  the  specimen  was  kept  in  the  weighing  cryostat. 
The  change  is  therefore  doubtless  due  to  the  slightly  higher  aver- 
age temperature  of  this  cryostat,  owing  partly  to  the  smaller 
cover  vessel  and  partly  to  the  central  tube  through  the  cover. 
As  a  result  of  these  surveys  the  temperature  of  the  specimens 
either  cooled  in  the  storage  cryostat  with  the  boric  acid  mixture 
and  then  transferred  to  the  weighing  cryostat,  or  else  cooled  in 
the  later  was  fotmd  to  be  —  o?72  C.  With  the  magnesium  sulphate 
mixture  the  observations  showed  that  the  temperature  of  the 
specimen  should  be  taken  as  —  3?78  C. 

4.  HANDLING  THE  SPECIMBNS 

For  handling  the  specimens,  when  packing  them  in  the  cryo- 
stats, weighing,  and  transferring  to  the  calorimeter,  they  were 
inclosed  in  holders  made  of  sheet  copper,  as  shown  in  Fig.  6.  The 
bar  across  the  top  which  carries  the  supporting  ring  is  detachable 
for  inserting  the  specimen.  Each  was  provided  with  a  loop  of 
linen  thread  passed  through  the  ring,  by  means  of  which  the 
specimen  could  be  transferred  to  the  weighing  cryostat  and  then 
lifted  until  the  stispension  hook  was  engaged  in  the  ring.  The 
thread  was  then  cut  and  removed,  leaving  the  specimen  hanging, 
as  shown  in  Fig.  7.  After  weighing,  the  specimen  was  trans- 
ferred to  the  calorimeter  by  lifting  the  cover  vessel,  suspension 
hook,  and  specimen  together  from  the  cryostat,  carefully  lower- 
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ing  the  specimen  into  the  open  calorimeter,  and  then  detaching 
the  hook,  leaving  the  specimen  immersed  in  the  water.  This 
transfer  required  only  two  to  three  seconds. 

5.  WEIGmNQ  THB  SPECmBNS 

The  precooled  specimens  were  weighed  while  suspended  in  the 
cryostat  (Fig.  7)  placed  beneath  the  balance.  A  suspension  wire 
from  a  hook  under  the  left  balance  pan  led  down  through  the  baL 
ance  support  to  the  hook  extending  into  the  cryostat.  The 
method  of  substitution  was  used  in  weighing.  A  fixed  counter- 
poise was  kept  upon  the  right  pan  throughout  the  weighing. 
With  the  specimen  suspended  the  weights  necessary  upon  the 
left  pan  were  determined.  After  the  specimen  was  removed  for 
the  determination,  the  suspension  alone  was  balanced,  the  dif- 
ference between  this  and  the  previous  balance  reading  giving  the 
weight  of  specimen  and  holder.  The  weights  of  the  holders  were 
determined  separately.  Correction  for  air  buoyancy  was  made, 
thus  the  results  are  expressed  in  mass  units. 

The  balance  used  in  weighing  ice  specimens  was  constructed 
by  A.  CoUot,  of  Paris.  It  was  air  damped  and  read  directly  to 
I  mg  by  means  of  a  microscope  sighted  on  a  scale  attached  to 
the  pointer.  The  results  for  mass  are  given  only  to  the  nearest 
centigram. 

6.  HANDLING  ANB  WEICmNG  THB  MBCHANICALLT  DRIED  SPBOMSNS 

These  specimens,  cut  in  the  form  of  solid  circular  cylinders, 
were  wrapped  loosely  in  linen  cloths  to  absorb  the  water  pro- 
duced by  melting.  The  wrapped  specimen  was  placed  in  a 
beaker  and  weighed.  By  means  of  a  copper  harness  previously 
fastened  about  the  specimen,  it  was  removed  from  the  beaker 
and  after  removing  the  wrappings  the  ice  was  placed  in  the  open 
calorimeter  as  with  the  precooled  specimens.  The  wrappings 
were  returned  to  the  beaker  and  weighed  to  give  the  tare. 


AKMw«»./f«r/^.j         LaUfU  Heat  of  Fusion  of  Ice  251 

V.  CALCULATION  OF  BXPBRIMBNTAL  SBSULTS 

1.  RLBCTRICAL  METHOD 

The  method  of  making  the  calculations  will  be  explained  with 
reference  to  the  sample  laboratory  record  forming  Pig.  8:  ^  and 
t,  are  -two  arbitrarily  selected  times  for  which  it  is  desired  to 
determine  as  exactly  as  possible  the  corresponding  calorimeter 
temperatures,  the  former  before  the  ice  is  introduced,  the  latter 
soon  after  the  ice  has  melted  when  equilibrium  has  again  been 
established. 

In  the  example  t^  is  taken  as  11-01-44.  The  data  obtained 
previous  to  this  instant  serve  to  determine  the  temperature  at  <, 
which  is  measured  by  the  resistance  (R^  ^)  of  the  platinum 
thermometer.  These  data  include  a  series  of  thermometo*  read- 
ings from  10-58  to  ii-oi  which  are  extrapolated  to  11-01-44 
and  corrected  for  the  temperature  change  of  the  calorimeter 
which  results  from  opening  it  (at  about  11-01-30)  to  receive  the 
ice.  They  also  include  the  readii^  appertaining  to  a  "blank" 
opening  and  closing,  similar  in  all  respects  to  the  one  just  men- 
tioned, from  which  the  correction  for  opening  is  computed.  The 
steps  of  the  process  are  set  forth  on  the  sample  record,  and  the 
condition  at  ^  » 11-01-44  may  be  thus  recapitulated:  The  calori- 
meter is  open  ready  to  receive  the  ice  and  the  supply  of  electrical 
energy,  and  its  temperature,  corrected  for  everything  including 
the  effect  of  opening,  corresponds  to  the  value  R^  oor.  -*  26.68404. 

Similarly,  choosing  t,  as  11-09-00,  the  data  determined  after 
this  time  fix  R^  eor."*  26.69160.  This  is  obtained  by  extrapola- 
tion of  the  series  of  readings  from  i  i-i  i  to  1 1-20. 

Let  us  now  consider  the  heat  changes  in  the  calorimeter  system 
between  1 1-01-44  and  1 1-09-00.  There  are  five  possible  sources 
of  energy  supply  to  the  calorimeter: 

(i)  Electric  heating  coil. 

(2)  Radiation,  convection,  etc.,  from  jacket. 

(3)  Stirrer. 

(4)  Heat  conduction  through  the  jacket  from  the  room  (along 
the  resistance  thermometer  leads,  etc.). 

(5)  Measuring  current  in  the  thermometer. 
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04 
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06 

75 

03 
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07 

31 
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04 

22.8 
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05 
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06 
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16.5 
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09 
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12 
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13 
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14 
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20 
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er  fains  0.1 
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K«.«               4 

lOOM  TEMP. 

JACKET 
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sec 

dtf            0?0760 

TIIERM.(COR.) 

THERM.  4180 

Receive 

s  25.4  calories 
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Temp. 

Time 
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• 
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r  sup 
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3344Xa0760-(-)     254.1 

11.09 
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at 
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13.5 

11.20 

.181 

Stirrer                        5.3 

Electric  heeter      39160. 2 

38937.  calutomeltssmple66,heotinf  itandliolderVtol59l2 
Fig.  8. — Laboratory  record  of  an  experiment  by  the  electrical  metfuni 
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Record  for  ice  samples  gives  for  No.  66 

Initial  temperataie  -  0®.72.    Weighed  in  holder  F 
Readily  of  Balance,  271 .646 + sample + holder + suspension = counterpoise 
(grams)  717.622  +  suspension  =»  counterpoise 

445.976 »  weight  of  sample  and  holder  (in  air  at  0^) 
37.873  »  weight  of  holder 


408. 103= weight  of  sample  (in  air  at  (f) 
.51      (Buoyancy  correction) 


408.61  »  Mass  of  Ice 


(continued  from  Pig.  8) 
HdlderF 

Weight    Mean  spec.  ht.    Temp.  Change  38937  (Ice  and  holder) 

37.9g  0.92  -0°.7to  -hlSM  55  (holder) 


37.9x0.92x15.8-55  38882  (Ice,  408.61g) 

95.15  cal  per  gram 
To  heat  Ig  water  from  0""  to  15M2         15.17  cal 

79.98 
To  heat  Ig  ice  from  -  0^.72  to  0^  .37 


79.61  -  Latent  heat  of  Fusion 


27647**— 14 — 7 
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Some  of  these  sources  may  be  sinks,  which  can  readily  be  taken 
into  accomit  by  the  use  of  the  negative  sign  when  necessary. 
The  energy  so  supplied  may  go  to — 

(6)  Heating  the  ice  to  o^,  melting  it  and  heating  the  resulting 
water  to  the  final  calorimeter  temperature. 

(7)  Heating  the  copper  holder  of  the  ice  specimen. 

(8)  Raising  the  temperature  of  the  calorimeter. 

(9)  Evaporating  water  from  the  calorimeter. 

The  last  two  may  be  negative,  depending  on  the  conditions. 
No  ambiguity  arises,  however,  from  the  more  or  less  arbitrary 
division  which  has  been  made.  It  is  assumed  that  these  nine 
processes  alone  take  place,  and  that  when  they  have  all  been 
considered,  all  the  energy  changes  will  be  accounted  for.  It  may 
be  shown  that  (4) ,  (5) ,  and  (9)  were  probably  less  than  one  ten- 
thousandth  part  of  (i)  in  all  of  the  experiments.  They  were 
therefore  neglected  in  making  the  reductions.  The  remaining  six 
terms  are  computed  in  full  on  the  records  pertaining  to  each 
experiment. 

Lead  Conduction  (4). — ^The  calorimeter  and  jacket  were 
usually  a  d^^ee  or  two  warmer  than  the  room,  but  never  more 
than  4^.  The  heat  which  reaches  the  calorimeter  due  to  imper- 
fect jacketing  being  0.0014  calories  per  second  per  degree  differ- 
ence of  temperature,  a  maximum  of  3  calories  might  be  intro- 
duced under  the  most  unfavorable  conditions,  which  is  to  be 
compared  with  the  30000  to  40000  calories  required  to  melt  the 
ice. 

Thermometer  Current  (5). — ^The  average  current  employed  was 
4.5  milliamperes  and  the  thermometer  resistance  was  about  27 
ohms,  so  that  the  effect  of  this  supply  of  energy  on  the  tempera- 
ture of  the  calorimeter  would  be  absolutely  inappreciable  even 
were  the  thermometer  circuit  closed  all  the  time. 

Evaporation  (9) . — ^The  large  value  of  the  latent  heat  of  vapori- 
zation of  water  involves  an  appreciable  quantity  of  energy  in  the 
evaporation  or  condensation  of  but  a  few  milligrams,  and  unless 
the  procedure  be  carefully  planned  serious  error  may  result.  A 
somewhat  extended  investigation  into  the  evaporation  from  and 
condensation  on  calorimeter  surfaces  has  been  carried  out  in  the 
laboratories  of  the  Bureau  of  Standards  and  will  be  published  in 
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a  separate  communicatioii.  Prom  the  restilts,  it  is  sufficient  to 
note  here  that  although  the  top  water  surface  of  the  calorimeter 
remained  uncovered,  in  order  that  the  ice  might  be  introduced 
quickly  and  without  spilling  water,  the  procedure  was  such  that 
probably  no  error  in  excess  of  i  part  in  loooo  was  introduced. 

Electrical  Energy  (i). — ^The  data  for  this  are  collected  in  the  left 
central  portion  of  the  sample  record.  The  process  of  securing  the 
readings  is  described  on  page  242.  By  reference  to  figure  5  it  may 
be  seen  that  the  potentiometer  readings,  corrected  for  instru- 
mental error  by  certificate  of  calibration  (Pot.  cor.  on  record 
sheet)  give  directly  the  potential  drop  across  the  loo-ohm  section 
of  a  loooo-ohm  volt  box,  and  that  across  the  terminals  of  a 
o.i-ohm  resistance  standard.  Correction  for  the  volt-box  factor, 
nominally  100,  reduces  the  one  set  of  readings  to  the  actual 
voltage  across  the  terminals  of  the  heating  coil  in  the  calorimeter. 
Correction  for  the  exact  resistance  of  the  o.i-ohm  standard 
reduces  the  other  set  to  the  current  in  amperes  through  the  stand- 
ard. This  is  the  sum  of  the  currents  in  the  heater  (10  ohms)  and 
the  volt  box  (loooo  ohms)  and  the  volt-box  current,  approximately 
0*001  part  of  the  whole,  must  be  subtracted  so  as  to  get  the  current 
in  the  heating  coil. 

The  product  of  the  average  value  of  the  current  and  the  emf 
during  the  period  of  heating  is  labeled  "power."  The  quotient, 
the  resistance  of  the  heater  coil,  furnishes  a  valuable  check  against 
certain  errors.  The  time  factor,  obtained  from  automatic  chro- 
nograph record  explained  on  page  243,  is  multiplied  by  the  power 
and  the  product  marked  "  energy."    The  imit  is  the  joule.** 

At  this  point  it  is  necessary  to  introduce  the  value  of  the  mechan- 
ical equivalent  of  heat.  After  careful  consideration  of  the  pub- 
lished values  and  of  a  considerable  amount  of  work  done  in  this 
same  calorimeter  at  the  Bureau  of  Standards,  but  not  yet  pub- 
lished, the  authors  have  used  the  value  4.187  international  joules 
equal  to  one  15®  cal." 

s*  See  footnote  xo  on  p.  aafi'. 

^  Some  xnodificatkm  of  the  results  annotmccd  in  this  tmptr  win  be  necessary  if  conchasive  evidence  shaO 
later  indicate  a  vahie  of  "  J  "  differmt  frosn  4.187,  but  it  seems  very  improbable  that  such  chaafe  will  exceed 
s  part  in  aooo. 
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Radiation  and  Cofnfectian  from  Jacket  (2). — During  the  period 
that  the  ice  was  melting  the  temperature  difference  between  the 
calorimeter  and  jacket  was  directly  indicated  by  a  thermoelement. 
The  readings  every  half  minute  (zero  setting  15)  show  that  the 
calorimeter  temperature  dropped  steadily  below  that  of  the  jacket 
(see  Pig.  9)  to  a  point  where  the  galvanometer  deflection  was  7.8 
cm,  equivalent  to  i.i^,  held  steady  for  about  a  minute,  and  then 
recovered  steadily  to  the  jacket  temperature.  The  averse 
deviation,  the  time  and  the  cooling  constant  ^  of  the  calorimeter 


Fig.  9 

are  set  forth  in  order,  and  show  the  method  of  computing  the 
quantity  of  heat  involved  in  this  correction. 

Stirring  (3). — The  stirring  was  very  constant  as  shown  by  the 
parabolic  sp^d  indicator  mentioned  before,  and  the  power  supply 
of  0.051  watts  at  the  speed  employed  has  been  measured  many 
times  during  the  use  of  the  calorimeter.  This  figure  is  equiva- 
lent to  0.73  calories  per  minute.  The  rest  of  the  computation 
on  the  sheet  requires  no  further  explanation. 

Heating  of  Calorimeter  (8). — ^Any  excess  of  energy  above  that 
absorbed  by  the  ice  and  its  holder  will  serve  to  raise  the  tempera- 
ture of  the  calorimeter  and  a  deficiency  will  be  supplied  by  the 

*  Value  aiTen  oo  p.  m*> 
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lowering  of  this  temperature.  The  quantity  of  heat  so  involved 
is  obtained  from  the  product  of  the  heat  capacity  of  the  calori- 
meter  (without  the  ice)  by  the  temperattire  change. 

The  heat  capacity,  including  the  water  and  the  metal  parts  of 
the  calorimeter,  was  determined  in  other  experiments  to  an  accu- 
racy of  a  few  parts  in  loooo,  but  an  accuracy  of  one  in  a  thousand 
is  more  than  ample  for  the  largest  value  of  this  correction  term, 
and  figures  are  therefore  rounded  off  to  convenient  values. 

The  temperature  change  of  the  calorimeter  is  determined  from 
the  readings  R^  oor..  Ri  oor.  In  the  example,  /?,  oor.-^i  cor.  equals 
0.00756  ohms.  For  thermometer  4727,  o.i  ohm  is  about  a  degree, 
or  more  exactly,  i  ohm  equals  io?0459  at  mean  R  of  26.687  ohms.'* 

R2  oor.-^i  oor.  IS,  thcrcforc,  equivalent  to  o?o76o. 

Result  of  an  Experiment  (6), — ^The  processes  tabulated  on  pages 
251 ,  254  may  be  collected  in  the  following  statement:  The  electrical 
energy,  plus  that  received  from  the  jacket  plus  that  supplied  by 
stirring,  less  the  amount  necessary  to  raise  the  temperature  of  the 
calorimeter,  is  the  amount  of  energy  which  goes  into  the  ice  and 
its  holder.  The  weight  of  this  holder,  multiplied  by  its  rise  of 
temperature  and  its  mean  specific  heat,  gives  the  heat  absorbed 
by  tiie  holder  (7) .  The  remainder  of  the  heat,  divided  by  the  mass 
of  ice,  gives  a  value  for  the  total  hea^  of  i  gram  from  the  initial 
temperature  of  the  ice  to  the  final  calorimeter  temperature  (/?,  oor.). 
The  total  heat  of  i  gram  of  water  from  0°  to  the  temperature 
/?,  eor.  (in  terms  of  the  15**  calorie)  is  computed  from  the  results 
of  Professor  Callendar's  "  recent  work. 

Should  the  values  given  by  Callendar  be  in  error  to  the  extent 
of  I  part  in  1000,  it  would  affect  the  results  of  this  paper  by  about 
I  part  in  4000. 

The  heat  required  to  change  i  gram  of  ice  at  an  initial  tempera- 
ture below  o*^  to  water  at  0°  can  not  be  reduced  to  give  a  value 
for  the  latent  heat  of  fusion  of  ice  without  a  knowledge  of  the 
specific  heat  of  ice.  The  discrepancies  found  in  existing  data  on 
this  constant  are  so  great  as  to  render  it  very  desirable  that  an 
early  redetermination  be  made  with  suitable  apparatus  and 
methods,  and  the  Bureau  is  now  engaged  in  doing  this. 

^  Reduction  by  method  described  in  paper  cited  in  footnote  17,  p.  949. 
«  Phil.  Trans.  Royal  Society,  London,  tlSA,  p.  i;  1911. 
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For  the  determinations  at  —  o?72  an  approximate  value  of  the 
specific  heat  of  ice  will  sufiice.  The  figwe  0.52  is  here  used.  An 
error  of  4  per  cent  in  this  constant  affects  the  result  by  about  i 
part  in  4000.  For  the  determinations  at  —3? 78,  an  error  of  4  per 
cent  in  the  assumed  value  of  o?52  will  affect  the  result  to  the 
extent  of  i  part  in  1000. 

2.  METHOD  OF  laXTURBS 

In  this  method  most  of  the  heat  required  to  melt  the  ice  and 
raise  the  temperature  of  the  resulting  water  to  the  final  calori- 
meter temperature  comes  from  the  cooling  of  the  water  originally 
in  the  calorimeter.  Therefore  the  amount  of  cooling  and  the 
heat  capacity  of  the  system  require  exact  determination,  while  all 
the  other  terms  entering  the  computation  are  relatively  small 
and  permit  of  more  or  less  approximation.  The  cooling  correc- 
tion is  very  much  larger  than  in  the  electrical  method,  being  i  to 
2  per  cent  of  the  total  heat  measured. 

A  sample  laboratory  record  of  an  experiment  by  this  method 
forms  Pig.  10.  It  is  similar  to  Fig.  8,  the  notation  employed  is 
the  same,  and  the  general  method  of  making  reductions  differs 
only  in  so  far  as  different  magnitudes  for  the  terms  make  this 
necessary.  The  selections  of  times  t^  and  ^  and  the  fixing  of  the 
corresponding  temperatures  as  measured  by  resistances  J?|  and 
R^,  follow  exactly  the  description  of  p.  251  which  need  not  be 
repeated  here. 

Between  the  times  ^  and  t^  the  same  nine  processes  which  are 
tabulated  on  pp.  251-254  occur,  except  that  (i)  is  missing,  and  (8) 
is  alwa}rs  a  cooling  of  the  calorimeter,  the  major  term  of  the  com- 
putation referred  to  above;  (2)  and  (3)  will  be  discussed  together, 
below.  Terms  (4)  and  (5)  were  negligible,  and  also  (9),  the 
remarks  on  p.  254  concerning  their  magnitude  applying  also  to 
the  experiments  by  the  miethod  of  mixtures.  The  calculations 
involved  in  paragraphs  numbered  (6)  and  (7)  are  identical  in  the 
two  methods,  so  that  for  the  purpose  of  illustrating  the  reduc- 
tion of  a  method  of  mixtures  experiment  it  is  unnecessary  to 
retain  in  Fig.  10  the  complete  detail  that  is  shown  in  Fig.  8, 
beyond  the  computation  of  the  total  heat  absorbed  by  the  ice. 
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Fig.  10. — Laboratory  record  of  an  experiment  by  the  method  of  mixtures 
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The  fundamental  equation  of  the  method  of  mixtures  as  applied 
to  these  experiments  may  be  stat^  in  the  following  terms:  The 
heat  absorbed  by  the  ice  and  holder  is  equal  to  that  given  up  by 
the  calorimeter  in  cooling  plus  that  received  from  the  jacket  by 
radiation,  convection,  etc.,  plus  that  supplied  by  the  stirrer. 

The  heat  exchange  between  the  jacket  and  the  calorimeter  may 
be  computed  as  a  quantity  of  heat,  as  was  done  in  reducing  the 
observations  by  the  electrical  method,  or  it  may  be  expressed  in 
terms  of  the  temperature  change  in  the  calorimeter  which  this 
quantity  of  heat  would  cause.  When  the  data  upon  which  the 
computation  is  based  are  obtained  by  observing  rates  of  rise  or 
fall  of  the  calorimeter  temperature,  it  is  usually  more  convenient 
to  adopt  the  latter  method.  A  number  of  methods  of  making 
the  computation  have  been  devised  and  might  have  been  followed 
in  this  reduction;  the  one  actually  employed  is  described  in  detail 
elsewhere.**  The  computation  proceeds  with  the  aid  of  a  mean 
time,  (Tnj),  the  value  of  which  is  dependent  on  the  readings  of 
the  temperature  diilerence  between  calorimeter  and  jacket  dur- 
ing the  period  ^  to  ^,  The  details  are  very  easily  carried  out, 
but  the  explanation  is  somewhat  tedious  and  the  reader  inter- 
ested is  referred  to  the  paper  cited.  The  result  is  comprised  in 
the  sum  of  the  terms  r^dt  and  r^^t  of  Fig.  lo,  458  parts  in  57000 
for  this  particular  example.  (This  result  may  be  checked  by 
employing  the  observation  data  of  the  sheet  with  any  method  of 
computing  a  cooling  correction.) 

The  large  change  in  the  heat  capacity  of  the  calorimeter  during 
the  course  of  the  experiment,  by  reason  of  the  introduction  of 
the  ice,  complicates  the  process  somewhat. 

The  method  of  computation  automatically  corrects  for  the  heat 
supplied  to  the  calorimeter  by  the  stirrer,  provided  this  supply 
takes  place  at  a  constant  rate. 

**H.  C.  Dickinaon:  Combustion  Odorimetry  and  the  Heats  of  CombtistloQ  of  Sugar,  Benzoic  Acid, 
and  Naphthalene,  to  be  published  in  this  Bulletin. 
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The  temperature  change  ^  of  the  calorimeter  was  computed  as 
follows:  The  difference  of  the  resistance  readings  /?,  and  R^  was 
first  corrected,  by  certificate  of  calibration,  for  error  in  the  Wheat- 
stone  bridge  used  to  measure  the  resistances.  The  corrected 
resistance  difference,  AR,  was  then  reduced  to  centigrade  tempera- 
ture difference,  60,  by  emplo3ang  a  factor  '*,  /C ,  appertaining  to 
the  thermometer  used.  This  factor,  10.0632  in  the  example,  was 
convenient  for  slide  rule  computation,  the  term  0.56964  being 
increased  by  632  parts  per  looooo  of  itself. 

The  heat  capacity  of  the  colorimeter  was  determined  from  the 
mass  of  water  employed  and  the  heat  capacity  of  the  metal  parts. 
Pig.  10  shows  the  mass  determination  in  detail.  This  mass  was 
multiplied  by  the  ratio  of  the  heat  capacity  of  water  at  the  mean 
temperature  of  the  experiment  to  the  heat  capacity  at  15®.  The 
figure  employed  for  the  ratio  was  that  given  by  CaUendar.**  The 
heat  capacity  of  the  metal  parts  was  computed  from  the  weights 
recorded  when  the  calorimeter  was  built  and  l^e  specific  heats. 
For  copper  0.92  was  employed  for  this  constant.  An  error  of  i 
per  cent  in  this  factor  affects  the  total  heat  capacity  of  the  calo- 
rimeter to  the  extent  of  i  part  in  loooo. 
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"  See  footnote  az  on  p.  asj. 
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VI.  RBSULTS 

All  together  the  heat  of  fusion  of  92  individtial  ice  samples  has 
been  determined  by  one  of  the  two  methods.  Of  these,  the  first 
50  determinations  were  made  on  samples  cooled  in  cryostats 
antedating  those  described  in  this  paper,  in  which  the  temperatures 
and  the  distribution  of  temperature  were  not  so  well  known. 
These  observations,  which  include  conmiercial  plate,  can,  and 
natural  ice  as  well  as  ice  frozen  in  the  laboratory  from  double- 
distilled  water  both  free  from  air  and  containing  air,  showed  no 
differences  greater  than  one  part  in  a  thousand  in  the  heat  of  fusion 
for  these  various  samples.  However,  on  account  of  the  imcer- 
tainty  in  the  initial  temperature  of  the  ice,  these  earlier  determi- 
nations are  entitled  to  little  or  no  weight  in  fi^dng  the  absolute 
value  of  the  latent  heat  of  fusion  of  ice.  The  results  are  there- 
fore omitted  from  this  paper. 

Four  observations  on  samples  of  ice  artificially  contaminated 
with  a  mixture  of  equal  parts  of  ammonia,  sodium  chloride,  and 
calcixun  chloride,  to  the  extent  of  about  one  part  in  a  thousand, 
gave  results  about  i  .4  per  cent  lower  than  for  pure  ice. 

Of  the  remaining  observations,  summarized  in  Tables  3,  4,  and 
5,  14  were  made  with  specimens  cooled  to  —3^.78,  thus  bringing 
in  a  considerable  tmcertainty  because  of  the  lack  of  accurate  infor- 
mation as  to  ^e  specific  heat  of  ice.  A  comparison  of  these 
results  with  those  on  samples  cooled  to  —0^.72  serves  to  give  an 
approximate  value  for  this  constant,  and  the  results  can  hardly 
be  considered  as  of  value  other  than  for  such  comparison  until 
more  accurate  determinations  of  the  specific  heat  of  ice  are  avail- 
able for  their  reduction. 

The  mean  of  1 2  observations  by  the  electrical  method  on  speci- 
mens initially  at  —3^78  is  81.61,  for  the  total  heat  from  —3^.78 
to  water  at  o^.  Similarly,  the  mean  of  15  observations  by 
the  same  method  on  samples  initially  at  —0*^.72  is  80.02.  A  com- 
parison of  these  figures  gives  for  the  specific  heat  of  ice  0.520,  a 
value  which  is  in  good  agreement  with  the  nxmiber  previously 
selected  as  representing  the  most  probable  value  of  this  constant. 
This  value  is  taken  for  reducing  the  results  of  the  21  observations 
upon  which  is  based  the  final  value  of  the  heat  of  fusion. 
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The  results  which  are  given  in  Tables  3,  4,  and  5  may  be  sum- 
marized as  follows:*^ 

TABLE  3 

Summary  of  Experiments  by  Electrical  Method  (Ice  at  —  0?72) 
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369 

34597 

788 

6 

52 

95.67 

1S9S9 

15.64 

mM 

79.66 

Mb.  14 

71  Can 

397 

38082 

-323 

22 

57 

94.97 

14989 

14.94 

8IM0 

79.66 

72  Can 

4S3 

42368 

689 

14 

57 

94.96 

14987 

14.92 

80.04 

79.67 

73  Can 

275 

25565 

620 

0 

SO 

94.98 

14996 

15.01 

79.97 

79.60 

Ml.  19 

79  Can 

208 

21065 

28 

11 

82 

109.91 

23981 

23J6 

80Utf 

79.68 

Fob.  20 

82  Can 

218 

22111 

87 

19 

72 

103.75 

23967 

23.72 

80.0) 

79.66 

Mar.  29 

94  Hair! 

536 

51073 

136 

74 

10 

58 

95.59 

1S919 

15.24 

80.35 

rofoct 

9SNalil 

512 

45848 

987 

27 

58 

91.42 

15908 

15.13 

76.29 

rojoct 

96Hain 

394 

37734 

-19 

-1 

52 

95.60 

15953 

15.58 

80.02 

79.65 

97Nalrl 

396 

38071 

94 

-15 

55 

95.81 

15976 

15.81 

80U)0 

79.63 

9eNain 

489 

45668 

1185 

28 

57 

95.72 

15965 

15.70 

80.02 

79.65 

MMaAiCS 


TABLE  4 


1 

Summary  of  Experiments  by  Method  of  Mixtures  (Ice  at  —0^72) 


Date 

flooroo 

llaaa 

Ico 

(ffama) 

d9 

MXd^ 

(caL) 

Hoktor 

(cal.) 

-0972  to 
water,  tfi 

Final  cal. 
Ton^tfs 

Water 

09to^ 
(ali») 

—0972  to 
Water,  0* 

latent 
Haat 

(Weal.) 

1913 

Fob.  14 

74  Can 

122 

391100 

'11301 

42 

92.09 

12902 

12.07 

80.02 

79.65 

75  Can 

129 

394^70 

12509 

54 

96.56 

16957 

16.62 

79.94 

79.57 

76  Can 

110 

299463 

10691 

52 

97M 

17902 

17.07 

79.98 

79.61 

f«b.  19 

77  Can 

216 

599941 

21145 

67 

97.49 

17947 

17.52 

79.97 

79.60 

78  Can 

205 

597323 

20218 

69 

98J0 

18918 

18.23 

79.97 

79.60 

80  Can 

188 

592813 

18628 

60 

98.51 

18943 

18.48 

80.03 

79.66 

fM».  20 

81  Can 

207 

597587 

20312 

62 

97.88 

17988 

17.93 

79.95 

79JB 

83  Can 

190 

593010 

18698 

60 

98.21 

18919 

18.24 

79.97 

79.60 

79.61 


*^  The  material  rctainod  in  these  tables  has  bear  selected  with  two  purposes  in  view:  (i)  To  show  the 

'  order  in  whidi  ezperimente  by  different  methods  were  carried  out,  the  variation  in  quantities  of  ice  used, 

and  the  values  ol  the  principal  term  and  its  correction  terms:  (a)  to  give  complete  data  necessary  to  reoom- 

putatioQ  on  the  basis  ol  different  values  for  the  mechanical  equivalent  of  heat,  the  specific  heat  o<  water 

and  total  heat  from  0*  to  various  temperatures,  and  the  specific  heat  of  ice. 
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TABLE  5 


{Vel.  to 


Summary  of  Experiments  by  Electrical  Method  (Ice  at  —  3^78) 


Dale 

fitmnte 

Mm 

lot 

(fiaina) 

Xtoet 

Bano 

1-4.187 

MXd4 
(€aL) 

c«i. 

fait 
ctr. 

Stimv 
(etf.) 

HUdar 

(caL) 

55: 

-397810 

Watar, 

81 

final 

caL 

Tamp. 

81 

Walai 
0«to^ 
(ctfi*) 

lea, 

-397810 

Watar. 

0* 

La- 
tot 
Haat 

(W 
caL) 

1913 

Fttb.     5 

51  On 

546 

5299S 

-94 

87 

10 

87 

97.00 

19936 

15.41 

81.99 

53  Cn 

506 

48718 

99 

47 

10 

71 

96.49 

14981 

14J6 

81.63 

i 

S4Catt 

382 

36516 

386 

41 

8 

39 

96J4 

14988 

14.98 

81.61 

S5Cn 

377 

36508 

4 

39 

8 

68 

96.75 

19M9 

15.14 

81.61 

IM».     6 

S6Ca& 

487 

47753 

-288 

71 

10 

78 

97  JO 

19986 

15.91 

81 J9 

S7Cn 

491 

47811 

36 

41 

10 

88 

96.45 

14980 

14.88 

81.60 

1 

98  Can 

315 

30189 

245 

28 

7 

68 

96.47 

14981 

14J6 

81.61 

39  On 

470 

45990 

-173 

4 

9 

68 

96.60 

14890 

14.95 

81.65 

1 

CO  On 

313 

30860 

-64 

12 

8 

39 

96J1 

14993 

14.98 

81.63 

1 

Bib.     7 

61  Ca 

484 

46817 

-90 

24 

10 

88 

96^ 

14982 

14.87 

81.99 

62  Can 

482 

46237 

286 

35 

11 

88 

96b48 

14976 

14.81 

81.62 

65  On 

365 

35224 

22 

21 

9 

39 

96J9 

14971 

14.76 
BfM 

81.59 

n  81.61 

0.52  X  3.78  -1.96 

79.6 


1.  Five  observations,  by  the  electrical  method,  on  samples  of 
commercial  plate  ice,  give  for  the  heat  of  fusion  79.65  cal-^g  per 
gram  mass,  with  a  mean  variation  of  0.02  calorie. 

2.  Five  observations,  by  the  electrical  method,  on  commercial 
can  ice  give  79.65  cal.15  per  gram  mass,  with  a  mean  deviation  of 
0.02  calorie. 

3.  Eight  observations,  by  the  method  of  mixtures,  on  commercial 
can  ice  give  79.61  cal.,s  per  gram  mass,  with  a  mean  deviation  of 
0.02  calorie. 

4.  Five  observations,  by  the  electrical  method,  on  Maine  natural 
ice  were  made,  of  which  three  are  consistent  with  each  other  and 
with  other  results  while  two  (Mar.  29,  Nos.  94  and  95)  are  so  dis- 
cordant and  differ  so  much  from  other  results  as  to  justify  their 
omission.  The  three  determinations  give  79.64  cal.^  per  gram 
mass,  with  a  mean  deviation  of  o.oi  calorie. 
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The  mean  of  results  by  the  electrical  method  is 

79.65  cal„ 
if  the  ratio  of  the  calorieig  to  the  jotde  be  taken  as  4.187. 
The  mean  of  results  by  the  method  of  mixtures  is 

79.61  calls 
independently  of  the  ratio  of  the  joule  to  the  calorie. 

The  mean  of  the  21  observations  gives  for  the  heat  of  fusion  of 
ice 

79.63  calls  per  gram  mass 

or 
i43-3t  Btu  ^  per  pound  mass 

or 
approximately  143.5  Btu  per  pound  weighed  in  air  against  brass 
or  iron  weights. 

Vn.  SUMMART 

The  work  of  previous  investigations  is  briefly  reviewed  and  the 
results  tabulated. 

The  apparatus  and  procedure  of  the  present  investigation  are 
fully  described. 

Samples  of  ice  prepared  in  the  form  of  hollow  cylinders  contain- 
ing from  100  to  500  grams  were  cooled  to  a  uniform  temperature 
of  either  — o°.72  or  —3*^.78,  weighed  while  at  these  temperatures, 
and  introduced  into  the  water  of  the  calorimeter. 

Observations  were  made  by  two  independent  methods,  one  of 
which,  an  electrical  method,  serves  to  reduce  the  usual  calorimetric 
corrections  to  an  almost  n^ligible  quantity  and  gives  the  results 
primarily  in  terms  of  the  joule  as  defined  by  the  electrical  units. 
The  second  was  the  method  of  mixtures  which  gives  the  heat  of 
fusion  in  calories. 

The  details  of  computation  for  observations  taken  by  each 
method  are  given  in  full. 

Results. — ^The  heat  of  fusion  of  92  samples  of  ice  from  various 
sources  was  determined  by  the  two  methods. 

"The  Bfitkh  thennal  tmlt  (Btu)  b  here  takoittt  the  qaantityof  heet  requifcd  to  nlw  th*  tcmpoitare 
If  •  poand SMMof  wmter  i*  Fat  59*  P ds* C). 
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The  results  of  these  determinations  indicate  that  for  conunerdal 
can  ice,  commercial  plate  ice,  natural  ice,  ice  frozen  in  the  labora- 
tory from  air-free  double-distilled  water  and  from  double-distilled 
water  containing  air,  all  of  which  were  very  pure  as  indicated  by 
electrical  conductivity  tests,  the  heat  of  fusion  is  the  same  to 
within  the  limits  of  siccuracy  of  the  earlier  determinations,  i.  e., 
about  I  part  in  looo.  Further  experiments  on  the  three  com- 
mercial forms  of  ice  fail  to  show  differences  greater  than  about  i 
part  in  5000. 

Five  observations  on  ice  contaminated  with  a  mixture  of 
ammonia,  sodium  chloride,  and  calcixun  chloride  to  the  extent  of 
about  I  part  in  1000  give  results  about  1.4  per  cent  lower  than  for 
pure  ice. 

The  mean  of  the  final  21  determinations  on  samples  of  plate, 
can,  and  natural  ice  gave  for  the  heat  of  fusion: 

79.63  cal  u  P^  gram  mass, 
or  143.38  Btu  per  pound  mass, 
or  143.5  Btu  per  pound  weighed  in  air  against  brass  or  iron 

weights. 

Washington,  August  20,  1913. 


4  berg  about  40  ^e!  high  and  300 /tet  long.     Sighted  My  1.  1912 


400.000-ton  berg  leilh  U.  S.  S.  ••Chester''  in  background.     Sighted  June  17,  1912 


Btrg  <^er  being  struck  by  Ihrte  3-inck  sktHs.     Sighltd  Jvnt  33,  1912 


Beij  aflsr  being  struck  by  a  5-inch  shell.     Sighted  June  23.  1 912 


Another  uk:u  of  above  shoui'mg  the  original  water  line.     Heiglil  about  125  feel 


OBSERVATIONS  ON  OCEAN  TEMPERATURES  IN  THE 
VICINITY  OF  ICEBERGS  AND  IN  OTHER  PARTS  OF 
THE  OCEAN 


By  C.  W.  Waidner,  H.  C.  Dickinson,  and  J.  J.  Crowe 


Through  the  courtesy  of  the  Navy  Department  an  opportunity 
was  a£Forded  to  the  representatives  of  the  Bureau  of  Standards 
to  make  observations  on  the  temperature  of  sea  water  in  the 
vicinity  of  icebergs  and  in  the  open  sea  with  a  view  to  obtaining 
information  on  the  possibility  of  detecting  the  proximity  of  ice 
from  temperattire  records.  It  is  fairly  evident  from  a  long 
experience  of  navigating  officers  that  the  usual  methods  of  taking 
the  temperattues  of  sea  water  at  widely  separated  intervals  of 
time  can  give  no  useful  information  so  far  as  detecting  the  prox- 
imity of  icebergs  is  concerned.  If  any  variations  in  the  tempera- 
tm^e  are  caused  by  the  presence  of  ice,  then  continuous  records  of 
the  temperattire  should  be  taken.  The  object  of  these  experi- 
ments was  to  obtain  such  records  and  then  to  carefully  analyze 
them  with  the  view  to  ascertaining  whether  the  proximity  of  ice- 
bergs gives  rise  to  any  definite  temperattu'e  variations  which  can 
be  distinguished  from  the  accidental  variations  usually  found  in 
sea  water. 

The  Btireau  party  embarked  on  the  U.  S.  S.  Chester,  leaving 
Philadelphia  on  Jtme  2,  191 2,  under  conunand  of  Capt.  Decker. 
Mr.  Crowe  subsequently  transferred  to  the  U.  S.  S.  Birmingham, 
tmder  command  of  Capt.  Hughes,  and  continued  observations 
from  June  19  tmtil  the  return  to  the  port  of  Philadelphia  on 
July  II,  191 2. 
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TBMPBRATURB  BQUIPMBUT 

The  apparatus  assembled  for  these  experiments  consisted  of 
the  following : 

One  electrical  resistance  thermometer  with  50-foot  leads,  and 
one  with  150-foot  leads,  protected  and  insulated  by  4-ply  rubber 
hose,  the  longer  hose  being  reinforced  with  wire  rope  (the 
thermometers  were  of  the  Callendar  compensated  type  with  four 
flexible  copper  leads  and  coil  of  silk-covo^ed  nickel  wire  of  about 
100  ohms  resistance) ;  a  surface  electrical  resistance  thermometer, 
shown  in  Pig.  i ,  consisting  of  a  flat  coil  of  silk-covered  nickel  wire 
inclosed  between  copper  sheets  and  insulated  by  thin  layers  of 
mica  (the  resistance  of  the  nickel  coil  was  about  100  ohms); 
deep-sea  thermometers  of  the  Negretti  and  Zambra  type,  kindly 
loaned  by  the  Bureau  of  Fisheries;  several  standard  mercurial 
thermometers;  a  Leeds  &  Northrup  recorder,  Fig.  2,  suitable 
for  use  with  the  resistance  thermometers,  and  which  was  kindly 
loaned  for  these  experiments  by  the  Leeds  &  Northrup  Co;  a 
Siemens  &  Halske  Wheatstone  bridge;  a  Leeds  &  Northrup 
Wheatstone  bridge  with  Kohbrausch  slide  wire;  a  Leeds  & 
Northrup  marine  D'Arsonval  galvanometer;  a  Siemens  &  Halske 
high-resistance  millivoltmeter;  tools,  wire,  repair  parts,  etc. 

All  of  the  apparatus  was  carefully  calibrated  before  leaving 
the  laboratory. 

The  surface  thermometer  was  motmted  with  its  flat  face  directly 
against  the  inner  surface  of  the  ship's  three-eighths-inch  plates, 
about  6  feet  below  the  water  line.  The  location  of  the  thermometer 
was  in  the  torpedo  room,  forward,  and  on  the  starboard  side. 
The  thermometer  was  held  into  good  contact  with  the  plate  by 
a  suitable  wooden  strut  which  was  thermally  insulated  from  the 
thermometer  by  a  layer  of  felt,  and  the  whole  protected  by  a  thick 
layer  of  cotton  to  eliminate  the  effects  of  the  temperature  of  the 
torpedo  room.  Special  experiments  showed  that  this  thermometer 
responded  quickly  to  changes  of  temperature  of  the  surface  with 
which  it  was  in  contact.  Simultaneous  measurements  of  tempera- 
ture made  with  a  sensitive  mercurial  thermometer  in  the  in- 
jection water  and  with  the  siuf ace  thermometer  and  recorder, 
mounted  as  above,  showed  that  the  sudden  changes  in  sea-water 


Tig.  1. — Surjac*  electrical  resistance  thermometer 
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temperature  were  indicated  by  the  recorder  without  any  significant 
time  lag.  As  an  additional  check  on  the  calibration  of  the  stuiaoe 
thermometer  it  was  compared  frequently  with  standard  mercurial 
thermometers. 

The  recorder  was  mounted  on  both  ships  in  the  torpedo  room 
near  the  surface  thermometer.  The  suspended  system  of  the 
D'Arsonval  galvanometer  of  this  recorder  was  so  carefully  balanced 
by  the  makers  that  the  records  were  entirely  unaffected  by  the 
tolling  and  pitching  of  the  ship,  which  was  by  no  means  inconsider- 
ble,  the  rolling,  sometimes  amotmting  to  20^  to  30^  on  each  side 
of  the  vertical.  As  used,  a  change  of  i^  C  corresponded  to  a 
movement  of  the  pen  of  18  mm  on  the  record  sheet.  The  dis- 
placement of  the  paper  was  about  60  mm  per  hour.  Pull  details 
of  the  operation  of  this  recorder  have  been  published  in  the 
current  engineering  literature  and  may  be  had  from  the  makers. 
This  recorder,  with  the  surface  thermometer  above  described, 
gave  such  excellent  satisfaction  that  it  was  not  necessary  to  use 
any  of  the  other  apparatus  which  was  taken  on  the  trip  for 
emei^gency  use. 

TBMPBRATURB  RBCORBS 

Practically  continuous  temperature  records  were  obtained  from 
June  4  until  July  10,  191 2.  The  temperatures  recorded  ranged 
from  3°  to  25®  C.  The  balance  point  of  the  recorder  was  changed 
to  bring  the  temperature  records  on  the  paper  by  the  insertion  of 
suitable  known  resistances  in  one  arm  of  the  Wheatstone  bridge 
circuit  of  the  recorder,  the  caUbration  of  the  surface  thermometer 
being  made  with  the  corresponding  resistances  in  the  circuit. 

Sample  records,  together  with  a  brief  description  of  the  condi- 
tions imder  which  they  were  obtained,  are  given  in  Figs.  3-14. 

Fig.  3  shows  the  temperature  record  obtained  on  board  the 
U.  S.  S-  Chester  June  17,  1912.  Several  small  bergs  or  growlers 
were  sighted  on  the  horizon  at  9.45  a.  m.  Almost  simultaneously 
the  record  shows  a  sudden  fall  of  temperature  from  8*^.7  to  7*^.3  C, 
or  nearly  i  ^^.5  C.  At  this  time  the  ship  was  over  10  miles  from  the 
nearest  of  the  growlers.  The  temperature*continued  to  fall  irregu- 
larly as  the  growler  was  approached  tmtil  10.45  ^-  ^-^  when  the 
temperature  was  5^.7  C,  at  which  time  the  distance  from  the 
27647® — 14 — 8 
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growler,  estimated  by  the  range  finder,  was  about  500  yards.  At 
II  a.  m.  the  distance  was  about  150  yards.  A  party  put  out  in  a 
boat  to  take  observations  of  temperature  around  the  growler.  In 
going  arotmd  this  growler,  the  mass  of  which  was  estimated  at 
about  12  000  tons,  the  surface  temperature  as  determined  by  the 
observers  in  the  lifeboat  ranged  from  5*^.8  to  6*^.7  C. 

At  about  1 .20  p.  m.  the  ship  got  tmder  way,  steaming  toward  a 
large  berg  about  1 2  miles  distant.  The  course  of  the  ship  around 
this  berg  is  shown  by  the  diagram  in  the  upper  right  comer  of 
Pig.  3.  The  course  D  is  about  6  or  7  miles  in  length.  The  various 
l^;s  of  this  course  A,  B,  — G  are  also  indicated  on  the  temperature 
record.  Pig.  3.  No  significance  can  be  assigned  to  the  irregular 
fluctuations  of  temperature  observed  arotmd  this  berg.     (See  Pig. 

15.) 

About  5.25  p.  m.  the  ship  lay  to  abeam  of  the  berg  at  a  distance 
of  300  yards.  A  party  put  out  in  a  small  boat  for  temperattire 
observations.  The  time  tmtil  about  7  p.  m.  was  spent  in  the 
immediate  neighborhood  of  the  berg,  the  ship  sailing  around  the 
berg  while  the  party  in  the  small  boat  were  taking  observations. 
Prom  about  7  to  9.30  p.  m.  the  ship  lay  to ;  by  this  time  the  ship  and 
berg  had  drifted  apart.  Dtuing  the  remaining  time,  until  about 
midnight,  the  ship  cruised  around  in  an  tmsuccessf  ul  effort  to  locate 
the  berg  with  the  aid  of  two  powerful  searchlights. 

Prom  measurements  made  with  two  stadimeters,  on  the  ship 
and  on  the  whaleboat,  respectively,  the  dimensions  of  the  berg  were 
determined.  The  mass  of  ice  in  this  berg  was  thus  estimated  at 
about  400  000  tons. 

The  mean  of  a  ntunber  of  temperature  observations  taken  from 
the  whaleboat  gave  the  following  surface  temperatures:  20  feet 
from  the  berg,  4^.5;  35  feet,  4^.9;  50  feet,  5"=^;  75  feet,  5^4;  200 
feet,  5^.7  C.  The  temperature  at  a  distance  of  50  feet  from  the 
berg  and  at  a  depth  of  5  fathoms  was  3^.6,  and  at  a  depth  of  20 
fathoms  3^.3.  At  some  miles  distant  from  the  berg  temperatures 
were  encountered  as  low  as  those  observed  a  few  feet  from  the  berg. 

Although  the  effort  to  locate  the  berg  with  the  aid  of  searchlights 
was  unsuccessful,  at  daybreak  on  the  morning  of  the  i8th  the  berg 
was  in  plain  view.     Between  6  and  7  a.  m.  the  berg  turned  over  in 


Fig.  2. — Leeds  &  Norlhrup  recorder 
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an  interval  of  about  10  minutes,  accompanied  by  several  loud 
reports  similar  to  the  reports  caused  by  firing  3-inch  guns. 

On  the  morning  of  Jtme  18  some  time  was  spent  in  experiments 
to  detect  possible  echoes,  submarine  and  aerial,  which  are  referred 
to  elsewhere.  At  9  a.  m.  the  ship  got  under  way,  starting  from  a 
point  about  2  miles  distant  from  the  berg.  The  ship's  course  for 
the  day  is  shown  in  Fig.  4.  Attention  is  called  to  the  remarkable 
similarity  in  the  temperature  records  obtained  in  going  away  from 
and  in  returning  to  the  morning  position  of  the  berg,  although  the 
courses  traversed  are  not  quite  the  same.  On  returning  to  the 
approximate  position  of  the  berg  it  was  dark  and  foggy  and  it 
could  not  be  again  located,  even  with  the  aid  of  searchlights. 
Prom  the  temperature  record  it  would  appear  that  the  ship  was 
in  the  same  water  at  8  p.  m.  as  it  had  left  at  9  a.  m. 

Fig.  5  shows  the  temperature  record  corresponding  to  the  follow- 
ing log:  Ship  approached  berg^  steaming  at  10  knots,  having  left 
a  lai^e  berg  at  12.23  p.  m.,  and  was  abeam,  200  yards  distant,  at 
2  p.  m.  About  30  miles  distant  from  this  berg  the  ship  passed  a 
large  growler,  200  yards  distant;  time,  5.20  p.  m. 

The  temperature  record  in  approaching  and  leaving  two  bergs 
and  a  ntunber  of  growlers  and  in  steaming  around  one  of  the  bergs 
is  shown  in  Fig.  6. 

Fig.  7  shows  the  temperature  records  obtained  at  night  while 
steaming  various  courses  arotmd  growlers  in  an  attempt  to  locate 
the  position  of  a  large  berg  that  was  in  plain  view  at  daybreak  the 
next  morning.  The  portion  of  the  curve  after  4.30  p.  m. ,  when  the 
ship  was  leaving  the  ice,  is  characteristic  of  temperature  changes 
often  observed  in  the  open  sea  with  no  ice  in  sight. 

Fig.  8  shows  typical  variations  in  sea-water  temperatures, 
similar  to  those  in  the  latter  part  of  Fig.  5,  with  no  ice  in  sight. 
The  variations  in  the  temperature  here  observed  are  as  great  and 
as  sudden  as  any  recorded  in  the  neighborhood  of  bergs. 

Fig.  9  shows  the  temperature  record  obtained  when  approaching 
the  Grand  Banks  of  Newfoundland.  The  drop  in  temperattu^  here 
observed  is  similar  to  that  observed  by  Barnes  ^  in  approaching 
land  or  shallow  water. 

1  Report  on  the  Influence  of  Ice  Bergt  and  I^nd  on  the  Temperature  of  the  Sea.  etc.,  supplement  to 
the  Forty-fifth  Annual  Report  of  the  Deportment  of  Marine  and  Pisheries.  1911-13. 


272  Bulletin  of  the  Bureau  of  Standards  (k«i.  to 

Pig.  lo  shows  the  temperature  records  for  the  following  log:  9.50 
a.  m.,  passed  berg  400  yards  abeam;  11.35  ^-  ^'  to  12  noon, 
steamed  around  berg,  when  ship  lay  to  with  berg  75  yards  abeam; 
I  p.  m.,  ship  got  imder  way,  berg  then  1,100  yards  distant;  1.55 
p.  m.,  ship  headed  for  another  berg  sighted  five  minutes  before; 
4  p.  m.,  ship  lay  to  in  densefog;  4  to  6  p.  m.,  when  fog  lifted,  three 
new  bergs  were  in  view. 

Pig.  II  is  the  temperature  record  obtained  tmder  conditions 
which  are  fully  set  forth  in  the  figure. 

Pig.  12  is  the  temperature  record  obtained  in  approaching, 
steaming  around,  and  leaving  a  large  berg. 

Pig.  13  shows  the  temperature  record  obtained  on  July  6,  on  the 
return  trip  of  the  U.  S.  S.  Birmingham  in  steaming  west  along 
latitude  42**  23'  from  longitude  48°  54'  (at  8  a.  m.)  to  si""  28'  (at 
8  p.  m.).  This  curve  shows  typical  variations  in  ocean  tempera- 
tures. The  variations  are  large  and  sudden,  although  no  ice  is 
near. 

Pig.  14  is  the  temperature  record  in  steaming  along  course  lati- 
tude 41^  51',  longitude  60°  14'  (at  8  a.  m.),  to  latitude  41**  26', 
longitude  63^  07'  (at  8  p.  m.). 

VARIATIONS  IN  THB  SALINITT  OF  SEA  WATER 

Variation  in  the  salinity  of  sea  water  in  the  neighborhood  of  ice- 
bergs due  to  the  diluting  action  of  the  water  resulting  from  the 
melting  of  the  ice  is  so  small  as  to  be  entirely  masked  by  the  acci- 
dental variations  found  in  sea  water.  The  following  determinations 
of  the  densities  of  samples  of  sea  water,  taken  under  conditions 
specified  and  which  were  afterwards  tested  in  the  laboratories,  will 
serve  to  illustrate  this : 


— 

at-^C 

Rmiiai'ka 

1.02239. 

ClOMtobMg 

1.02352 
1.02340 
1.02336 
1J>2319 
0.99923 
0.99923 

CloM  to  anoCher  tMrg 
400  yanU  trem  bMg 
40iiillMlraiiilMfg 
eomilMfaomberi 

DiittUed  water 
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ECHOES  FROM  ICEBERGS 

The  testimony  of  numerous  observers  is  in  evidence  that  the 
echo  of  the  foghorn  may  frequently,  but  by  no  means  always,  be 
detected  when  in  the  proximity  of  an  iceberg  or  even  of  a  bank  of 
fog.  The  amount  of  evidence  on  this  point  leaves  no  doubt  as  to 
the  correctness  of  the  above  statement.  The  experiment  of 
sounding  the  foghorn  when  in  the  vicinity  of  a  number  of  the 
bergs  encountered  on  the  trip  was  tried,  but  in  no  instance  was  an 
echo  detected. 

A  few  experiments  were  also  made  to  determine  whether  an 
echo  could  be  detected  under  water  coming  from  the  larger  sub- 
merged portion  of  the  berg.  For  this  purpose  the  ship's  bell  was 
lowered  into  the  water  and  signals  produced  by  striking  the  bell. 
Observers  stationed  at  the  ship's  submarine  signal  telephones 
listened  for  evidences  of  the  echo.  The  ship. was  at  a  distance  of 
I  to  2  miles  from  the  fair-sized  berg  encountered  by  the  U.  S.  S. 
Chester  on  the  afternoon  of  June  17.  It  was  difficult  to  draw 
positive  conclusions  on  accotmt  of  the  disturbing  noises  present 
in  the  telephone  receiver,  but  a  ntunber  of  observers  were  con- 
vinced that  they  heard  faint  echoes.  There  was  no  time  to 
investigate  and  improve  the  telephonic  apparatus,  so  that  the 
most  that  can  be  said  is  that  these  preliminary  experiments 
looked  hopeful  enough  to  merit  more  careful  experiments  along 
these  lines. 

OTHER  OBSERVATIONS 

The  results  of  other  experiments,  such  as  firing  3  and  5  inch 
shells  into  the  berg,  the  utility  of  searchlights  in  locating  bergs 
at  night,  etc.,  will  undoubtedly  be  covered  in  the  official  reports 
of  the  commanding  officers.  It  may  be  worth  while  to  record,  in 
passing,  for  the  information  of  the  reader,  the  general  impressions 
of  the  authors,  unfamiliar  with  such  matters,  that  the  effects  of 
cannon  fire  in  breaking  up  icebergs  were  disappointingly  small  and 
the  utility  of  powerful  searchlights  in  their  location  stuprisingly 
limited. 

Although  the  lookouts  were  provided  with  spyglasses  or  with 
binoculars,  it  is  of  interest  to  note  that  the  icebergs  were  in- 
variably first  seen  with  the  unaided  eye.    The  difficulty  of  picking 
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up  icebergs  under  some  conditions  is  illustrated  by  the  following 
incident:  While  the  ship  was  steaming  toward  a  large  berg  in 
sight  a  heavy  fog  fell.  There  was  one  lookout  in  the  crow's  nest, 
four  on  the  bridge,  and  two  in  the  ship's  eyes.  Notwithstanding 
this  the  berg  was  first  picked  up  from  the  quarterdeck  after  the 
ship  had  passed  some  200  yards  abeam. 

Samples  of  ice  broken  from  the  berg  by  gun  fire  were  taken 
aboard  ship.  These  contained  considerable  amounts  of  included 
air,  which  probably  accounts  for  their  white  appearance.  The 
ice  was  surprisingly  hard  and  free  from  any  definite  cleavage 
planes.  The  whitish  appearance  was  generally  characteristic  of 
all  the  bergs  met  with.  In  some  instances  there  were  narrow 
streaks  of  ice,  transparent  and  of  a  blue  color,  that  penetrated 
entirely  through  the  bergs. 

The  water  resulting  from  the  melting  of  the  berg  ice  was  found 
to  have  the  same  density  as  that  of  distilled  water.  (See  p.  8.) 
It  was  free  from  any  characteristic  taste. 

So  far  as  otu*  observations  go,  the  temperature  of  the  air  fur- 
nishes no  evidence  of  value  as  to  the  proximity  of  a  berg. 

DISCUSSION  OF  OBSERVATIONS 

An  exanunation  of  the  temperature  records  herewith  submitted, 
which  were  obtained  under  a  variety  of  conditions  m  the  r^on 
37^  to  43**  30'  north  latitude  and  43®  to  53°  west  longitude,  at 
once  impresses  one  with  the  difficulty  of  separating  the  large  and 
sudden  variations  of  sea-water  temperature,  so  frequentiy  met 
with,  from  any  variations  that  may  be  caused  by  the  proximity  of 
icebergs.  The  authors  have  obtained  records  in  some  parts  of 
the  ocean  in  which  the  temperatures  were  practically  constant  to 
a  few  tenths  of  a  degree  for  many  hours.  On  the  other  hand,  some 
of  the  sample  records  submitted  show  that  the  temperature  varia- 
tions in  other  parts  of  the  ocean,  where  no  ice  is  near,  are  as  great 
and  as  sudden  as  any  observed  in  the  neighborhood  of  bergs. 
Having  established  the  existence  of  such  variations  in  sea-water 
temperatures,  it  follows  that  it  will  be  very  diffictdt  and  often 
impossible  to  draw  definite  conclusions  as  to  the  proximity  of  ice 
from  temperature  records. 
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In  approaching  or  leaving  a  berg  the  temperature  of  the  sea 
water  may  rise  or  fall  or  remain  practically  constant.  Thus  in 
Fig.  3,  in  approaching  the  large  berg  along  course  D,  the  tempera- 
ture varied  irregularly  through  a  range  of  about  0.2^  C,  a  variation 
much  less  than  is  frequently  observed  in  this  distance.  Along 
some  of  the  courses  the  temperature  fell  in  approaching  the  berg 
(e.  g.,  course  A),  and  along  course  G,  for  example,  the  temperattu^ 
varied  quite  irregularly.  In  Fig.  15  the  temperature  records  of 
Fig.  3  are  reproduced,  the  temperature  at  the  iceberg  being  arbi- 
trarily taken  as  the  zero  of  temperatures  for  each  course.  Ciu-ve 
<^f  Fig.  15,  is  the  temperature  record  in  approaching  and  leaving 
a  growler.  The  remainder  of  the  ciu-ves  in  this  figure  (15)  are  the 
records  for  all  the  courses  around  the  large  berg,  shown  in  Pig.  3. 
The  temperature  records  for  the  different  courses  differ  so  much 
that  no  certain  effect  can  be  attributed  to  the  iceberg.  The  mean 
of  the  curves  for  all  the  cotu-ses  is  shown  in  the  lower  part  of  Fig.  1 5. 

In  Pig.  16  are  reproduced  all  the  temperature  records  given, 
except  those  of  June  17,  for  approaching  and  leaving  icebergs, 
the  temperattu-es  at  the  bergs  being  always  arbitrarily  taken  as 
the  zero  of  temperattu-e.  The  mean  curve  shown  below  indicates 
that  in  general  there  was  a  fall  in  temperature  of  about  i^  in  4  or  5 
miles  in  approaching  the  various  bergs.  In  all  but  two  instances 
the  minimum  temperattne  was  found  near  the  bergs. 

The  temperature  records  published  by  Prof.  Barnes  very  gen- 
erally show  a  rise  in  temperattne  as  a  berg  is  approached,  occa- 
sionally accompanied  by  a  slight  fall  in  temperatiu^  very  near  the 
berg.  Prof.  Barnes  r^ards  the  rise  of  temperature  as  the  ''  char- 
acteristic iceberg  effect"  and  attributes  any  drop  in  temperature 
to  cold  ciurents.  His  records  show  the  normal  variations  of  sea- 
water  temperature  in  the  localities  of  his  observations  to  be  very 
much  smaller  than  were  observed  in  the  parts  of  the  ocean  where 
our  observations  were  made.  Although  many  of  the  small  tem- 
perature variations  which  appear  significant  in  his  records  would 
be  completely  masked  by  the  large  and  sudden  temperature 
changes  which  our  records  show,  nevertheless  the  magnitude  of  the 
sc -called  ** iceberg  effect"  observed  by  Prof.  Barnes  being  often 
o  5°  to  2®  C,  such  changes  would  be  very  evident  on  our  records 
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where  changes  of  a  few  htindredths  of  a  degree  are  readily  dis- 
cernible. 

Our  records  do  not  corroborate  Barnes's  characteristic  icebei^ 
eflfect.  Twelve  of  the  14  curves,  as  well  as  the  mean  curve,  of 
Pig.  16  certainly  show  no  such  rise  in  temperature.  Most  of  these 
curves  indicate  the  opposite  eflfect. 

As  Prof.  Barnes's  and  our  own  records  are  matters  of  observation 
which  tmquestionably  represent  conditions  that  were  actually 
encountered,  it  would  seem  that  the  effects  due  to  bergs,  if  such 
effects  can  yet  be  regarded  as  established,  must  be  different  tmder 
different  conditions.  Indeed,  that  such  is  the  case  is  shown  by  the 
different  temperature  records  obtained  in  approaching  a  given 
berg  along  different  courses. 

Enough  data  is  not  yet  at  hand  to  formulate  a  theory  to  account 
for  the  variations  of  temperature  observed  in  the  vicinity  of  ice- 
bergs. Indeed,  the  question  is  still  in  doubt  as  to  whether  they 
influence  to  any  measurable  extent  the  temperatures  of  sea  water 
at  any  considerable  distance  (a  mile  or  so) . 

In  view  of  the  observations  of  Barnes  and  of  the  authors  on  the 
salinity  of  surface  water  at  different  distances  from  bei^,  it  seems 
fairly  certain  that  the  layer  of  cold  fresh  water  resulting  from  the 
melting  of  the  berg,  and  which  was  supposed  on  Pettersson's  theory 
to  spread  out  over  the  surface  in  the  vicinity  of  an  iceberg,  causes 
no  measurable  dilution  or  change  of  salinity  of  the  surface  layer. 

Barnes's  records  so  uniformly  show  a  rise  of  temperature  as  the 
berg  is  approached  that  he  has  termed  this  observed  rise  "the 
iceberg  effect."  This  effect  is  not  characteristic  of  our  records. 
Indeed,  on  the  average,  the  authors  observed  a  fall  in  temperature 
from  a  distance  of  several  miles  up  to  the  bergs.  In  view  of  the 
erratic  variations  of  the  temperature  of  these  parts  of  the  ocean 
when  no  ice  is  near  and  of  the  fact  that  in  approaching  a  given 
berg  along  different  courses  the  temperattu-e  variations  are  quite 
different  (being  nearly  constant  over  some  courses  and  falling  very 
appreciably  over  other  courses) ,  we  would  not  deem  it  justifiable 
to  conclude  that  the  observed  variations  were  certainly  connected 
with  the  presence  of  the  bergs. 

It  is  interesting  to  inquire  a  little  further  into  the  question 
whether  any  cooling  action  of  the  berg  could  be  expected  to  make 
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itself  felt  at  any  considerable  distance  from  the  berg.  If  the  berg 
is  constantly  drifting  into  new  waters,  such  effect  would  obviously 
be  impossible  from  the  consideration  of  the  fact  that  it  would 
require  the  melting  of  about  a  million  tons  of  ice  to  cool  i 
square  mile  of  the  ocean  to  a  depth  of  only  25  feet  by  i^  C. ;  hence 
the  possibility  of  any  significant  cooling  action  would  require 
that  the  berg  and  the  water  in  which  it  is  immersed  drift  together 
for  a  considerable  period  of  time,  i.  e.,  that  the  relative  motion  be 
small.  This  is  probably  true  under  some  conditions,  but  by  no 
means  always.  Considerations,  such  as  these,  of  the  enormous 
mass  of  ice  required  to  produce  a  cooling  action  distinguishable 
from  temperature  variations  due  to  other  causes,  the  slowness  of 
melting  of  the  berg,  etc.,  render  it  doubtful  whether  any  such 
effect  could  be  distinguished  with  certainty  at  distances  of  a  mile 
or  so.  To  account  for  the  observed  rise  in  temperature  or  *' ice- 
berg effect"  Barnes  has  advanced  an  ingenious  theory.  He 
assumes  that  in  regions  of  the  ocean  at  some  distance  from  the  berg 
the  surface  layer,  heated  by  solar  radiation,  is  mixed  with  the 
colder  water  below  by  the  ''normal  vertical  circulation,'*  while 
near  the  berg  there  is  a  current  set  up  toward  the  berg  due  to  the 
combined  effects  of  the  melting  and  cooling  action  of  the  berg. 
This  current  toward  the  berg,  it  is  assumed,  interferes  with  the 
"  normal  vertical  circulation ''  so  that  the  warm  water  remains  on 
the  surface.  It  is  difficult  to  understand  how  a  sufficiently  strong 
current  toward  the  berg  could  be  set  up  by  the  melting  and  cooling 
action  of  the  berg  to  interfere  with  the  ''normal  vertical  circu- 
lation **  at  a  distance  of  a  mile  or  two.  That  there  is  no  very  strong 
current  toward  the  berg  seems  to  be  indicated  by  the  drifting 
apart  of  the  fragments  of  a  berg  from  the  berg  itself  or  of  the  larger 
parts  of  a  berg  after  breaking  up.  Difference  of  wind  action 
may,  however,  complicate  any  conclusions  based  on  such 
observations. 

CONCLUSIONS 

The  records  of  sea-water  temperatures  obtained  by  means  of 
an  electrical  resistance  thermometer  and  a  Leeds  &  Northrup 
temperature  recorder,  installed  on  the  U.  S.  S.  Chester  and  Btr- 
mingham  in  their  patrol  of  the  North  Atlantic  Ocean  in  Jime  and 
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July,  191 2,  show  that  the  temperattxre  variations  in  parts  of  the 
ocean  far  removed  from  ice  are  often  as  great  and  sudden  as  in 
the  neighborhood  of  icebergs. 

For  a  majority  of  the  courses  of  the  ship  in  the  vicinity  of  ice- 
beigs  there  was  a  fall  in  temperature  from  a  fraction  of  a  d^[ree 
to  3^  in  a  distance  of  4  or  5  miles  on  approaching  the  berg.  Records 
were  obtained,  however,  in  which  the  character  of  the  temperature 
variation  varied  with  the  direction  of  approach  to  the  berg,  the 
temperature  being  nearly  constant  over  one  course,  while  over 
other  courses  the  temperature  rose  or  fell  as  the  berg  was  ap- 
proached. So  far  as  our  records  go,  therefore,  it  does  not  seem 
possible  to  draw  positive  conclusions  as  to  the  absence  or  prox- 
imity of  ice  from  the  temperature  records  of  sea  water.  This  is 
not  a  condemnation  of  the  use  of  suitable  recorders  on  ships. 
As  Barnes  has  shown,  the  temperature  record  may  give  valuable 
information  on  the  approach  to  shore  and  shallow  water,  on  the 
identification  of  characteristic  ocean  currents,  and,  as  his  records 
seem  to  show,  even  of  the  proximity  of  icebeigs  in  some  parts  of 
the  ocean  where  the  variations  are  less  erratic  than  in  the  r^ons 
in  which  our  observations  were  made. 

If  the  "characteristic  iceberg  effect"  observed  by  Barnes,  i.  e., 
rise  of  temperature  on  approaching  icebergs,  had  been  present 
around  the  betgs  observed  by  us  and  of  the  same  or  even  much 
less  magnitude,  our  records  would  have  rendered  such  an  effect 
evident,  notwithstanding  the  irregular  variations  of  temperature 
usually  fotmd  to  exist.  In  view  of  the  differences  in  the  character 
of  the  records  obtained  by  Barnes  and  ourselves,  it  is  very  desir- 
able that  further  observations  be  made  in  different  parts  of  the 
ocean,  and  under  as  varied  conditions  as  possible,  before  attempt- 
ing to  draw  final  conclusions. 

In  conclusion  the  authors  wish  to  express  their  deep  sense  of 
obligation  to  Capt.  Decker  and  Capt.  Hughes  and  to  their  officers 
and  crews  for  hearty  cooperation  and  many  acts  of  kindness  during 
their  stay  on  shipboard. 

Washington,  August  i,  191 3. 
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ACCURACY  OF  THE  FORMULAS  FOR  THE  RATIO, 

REGULATION.  AND   PHASE   ANGLE 

OF  TRANSFORMERS 


By  P.  G.  Agnew  and  F.  B.  Silibee 


There  has  been  a  great  deal  of  discussion  of  the  formulas  J 
the  predetennination  of  the  perfonnance  of  transfonners  frc 
the  constants  obtained  from  the  "short  circuit"  and  "op 
circuit"  tests,  particularly  in  r^^ard  to  the  formula  for  computi 
r^jtdation.  We  have  very  little  data  available,  however,  whi 
will  enable  one  to  compare  the  formulas  with  accurately  observ 
values.  Bedell '  and  Drysdale '  have  published  restilts  for  soi 
ci  the  formulas,  which  show  a  very  fair  agreement  but  so  far 
the  authors  are  aware  no  comparisons  have  hitherto  been  pii 
lished  based  on  the  precise  potentiometer  methods  now  availat 
for  the  direct  determination  of  ratio,  r^ulation,  and  phase  ang 

DBBITATION  Off  rOSMULAS 

The  derivation  of  these  formulas  is  given  below  in  rati 
extended  form  in  order  to  show  the  magnitude  of  the  approxiD: 
tions  which  are  introduced.  These  approximations  will  be  cc 
sidered  in  greater  detail  than  might  seem  necessary,  but 
account  of  the  confusion  which  has  arisen  from  the  use  of  ino 
rect  formulas  for  r^;ulation,  some  of  the  larger  central  static 
have  requested  such  a  detailed  discussion.  A  derivation  of  t 
formula  for  r^^ulation  has  been  published  by  one  of  the  autht 
in  conjimction  with  Dr.  M.  G.  Lloyd.*  As  this  formula  may 
developed  with  only  a  slight  amount  of  extra  work  while  derivi 

■  BcddL  Chudkc.  ud  Shcnrood:  Blvl.  WorU.  ■•.  p.  iw:  Aa(.  14.  097. 

■Onwlak-.  BlKtridu.W.  p.««j;  July,  191a. 

•UirdandAfBCw:  TbUBuIlcUii.*.  No.  (,  p.  m:  iXV-     Reprint  No.  iiv. 
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those  for  ratio  and  phase  angle,  its  derivation  is  given  here  in  a 
slightly  more  rigorotis  form. 

I/et  N =ratio  of  turns,  primary  to  secondary. 
£i,£j,£'« primary    and    reversed    secondary    terminal    vol- 
tages, and  primary  induced  voltage,  respectively. 
Ri,  Xi,  Zi»  primary  resistance,  reactance  and  impedance. 
/?2f  X^f  Z,^  secondary  resistance,  reactance  and  impedance. 
R,  X,  Z'^  total  resistance,  reactance  and  impedance,  referred 

to  the  primary,  so  that 
J?=J?i+N»/?„     X-X,+iV»X„    Z^Z.+N^Z^ 

/  —  ^  —  load  current  referred  to  primary  side. 

^ wangle  by  which  /  lags  behind  f,- 

p  -Z^l^f^-i^ 


Fig.  1. — Vector  diagram  of  transformer  voltages 

J^,  lo  —  ^h  "^  exciting  current  at  no  load  and  at  full  load,  respec- 

tively. 
^»flux. 
7,  7  +  ^7  wangle  by  which  the  exciting  current  lags  behind  the 

induced  voltage  at  no  load  and  at  full  load, 
respectively. 
a  »  part  of  phase  displacement  caused  by  load  current. 
fi  »  part  of  phase  displacement  caused  by  exciting  cur- 
rent 

d  « tan~*-^ 

Then  in  Fig.  i  the  vector  difference  between  E^  and  NE^  is  made 
up  of  four  parts,  IR  and  IX  in  phase  and  in  quadrature,  respec* 
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tivdy,  with  /,  and  loRt  and  loXi  in  phase  and  in  quadrature, 
respectively,  with  /o. 

It  is  necessary  to  assume  Xi»^X„  since  the  reactances  of 
the  individual  windings  can  not  be  directly  determined  inde- 

XXX 

pendently.    We  shall  assume  "d"*— d^^'d*  ^^^  ^^Y  ^  those 

terms  which  contain  the  exciting  current,  and  as  will  appear  later 
these  whole  terms  are  so  small  as  to  be  n^ligible  in  most  practical 
work. 

In  fact,  it  may  be  shown  without  trouble  that  if  the  whole 
analysis  is  carried  through,  assuming  that  X^  and  N'X,  have  any 
given  ratio,  and  carrying  all  approximations  to  the  same  order  as 
is  done  in  what  follows,  that  the  final  formulas  will  not  be  affected 
in  any  way.  We  may  then  take  E'  as  terminating  at  the  midpoint 
of  IZ,  and  practically  bisecting  a. 

Expressing  all  vectors  in  the  usual  complex  notation,  and  using 
dotted  capitals  to  indicate  complex  quantities,  we  see  from  Pig.  i 

El  -Ei[cos  (a^/3t)  +/  sin  (a-^ff)] 

E.-E. 

/-/[cos  tf-;sinfl 

and  also  Z»Z[cos  8+;  sin  Sl^R-hjX 

At  no  load  we  have 

/o-/Jcos7-ysin7] 
and  with  load 

773^, - (/, - ^/.)|^cos  (7+^7-f)-;  sm(7+^7-f)] 

Then  we  have  as  our  fundamental  relation 


NE,  +JZ  +  (/,  -  ^/,)  Z,  -£j  -o 
.-.  NE,+IZ{cos  e-j  sin  «}{cos  «+;  sin  h) 

(/,-^/,)zicos(7+^7-|)-;sin(7+^7-f)[{cos8+ysin«} 

—  E, {cos  (ar — ifl) +y  sin  (a — /8)  }  —  o 
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or  NE^  +  IZ{cos  {0-S)  -/sin  («-«)} 

-£,{cos  {oc-ff)  +;  sin  {a  —  P))  «=o 
Separating  real  and  imaginary  parts 

7V£:,-f/Zcos(tf-S)  +  (/o-^/o)Z,cos(7+^7-f-«) 

-Eicos(a-i8)«o  (i) 

/Zsin(tf-S)  +  (/o-^/o)2tSin(7+^7-^-«) 

+Eisin(flf— )9)=o  (2) 

In  order  to  put  these  equations  into  usable  form,  further 
approximations  must  be  made.  In  estimating  the  magnitude  of 
these  we  may  consider  two  cases : 

Case  I. — ^When  the  impedance  drop  is  4  per  cent  of  rated 
voltage  and  the  magnetizing  current  is  10  per  cent  of  rated  load 
current.    This  is  a  more  unfavorable  condition  than  is  ordinarily 

IZ  I Z 

found  in  practice.     Here  jrp  =0.04  and  -^^  —0.002 

Case  2. — ^When  the  impedance  drop  is  2.5  per  cent  of  rated 
voltage  and  the  exciting  current  is  6  per  cent  of  rated  current. 
This  would  cover  the  great  majority  of  practical  cases.     Here 

IZ  .  hZ, 

-j^  -0.025  and  ^rj^  -0.00075 

In  evaluating  the  approximations,  sines  and  cosines  of  the 
various  angles  will  be  taken  as  unity,  in  order  that  the  values 
found  may  be  limiting  ones',  even  under  the  most  unfavorable 
conditions. 

Consider  first  the  magnitude  of  the  term 


(/o-^/o)Z,  cos(7+^7-f-s) 


in  comparison  with  £1.  N^lecting  for  the  moment  ^/o  and 
^y,  the  term  can  not  exceed  0.2  per  cent  of  E^  for  Case  i  or  0.08 
per  cent  for  Case  2.    The  actual  values  of  ^I^  and  ^7  require  a 
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determination  of  the  rate  of  variation  of  !„  and  7  with  £,,  meas- 
urements which  are  not  ordinarily  made.  In  Case  i  ^I,,  the 
change  in  exciting  oirrent  from  full  load  to  no  load,  would  prob- 
ably not  be  greater  than  10  per  cent  of  I„,  so  that  the  part  of 
the  term  dependii^  on  ^I^  would  not  exceed  0.02  per  cent.  For 
Case  2  the  corresponding  values  would  be  6  per  cent  and  0.005 
per  cent;  that  is,  it  is  less  than  the  errors  of  commercial  meas- 
urement. A  numerical  analysis  leads  to  the  same  conclusion 
in  regard  to  the  effect  of  ^j-  in  both  equations  i  and  2. 

Hence  both  ^/«  and  ^7  may  be  n^tected  and  the  formulas 
take  the  form 

JVE,  +  /Zcos(tf-«)+/»Z.eos(7-|-A-£,cos(a-j9)-o{3) 

/Zsm(^-S)-l-/o2',  sin(7-f-2)  +  £isin  (a-j8)=o       (4) 
Pot  no  load 

NEi„+IaZi  cos  (7-«)  -£,cos/9-o  (5) 

/^.sin  (7-«)-£,sm^-o  (6) 

From  (3) 

Ratio  =^ JV       L/^cos(g-g)  ('y-f-y    (7) 

£.    cos(*-j8)|  NE,         +'»^>"*'       fjE,      J 

Prom  (4)  and  (6)  we  have  approximately 
a-0~^(a-ff)~~j^-~IZsin(6-S)-I^,sm{y-^-S\]   (8) 

/S-sin  ff         -^/^,  sm  {y-S}  (9) 

Adding  (8)  and  (9)  and  n^lecting  a  term  of  the  form 
/«Zi  cos  (v-£)  sin  -  which  in  Case  i  could  not  eiKeed  0.004  P^ 
cent  or  0.08  minute,  we  have 

a--^/Zsin(tf-S)  (10) 
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Expanding  the  term  cos  {ct-^ff)  in  (7)  and  neglecting  squares 
of  fi  and  cubes  of  a  (since  these  are  of  the  order  0.0004  P^  ^^^^ot 

and  0.0003  P^  cent)   and  again  neglecting  the  term  -  in  the 

mi 

last  term  of  (7)  since  this  is  equivalent  to  the  approximation  just 
justified  in  (10)  we  have 

gj     J^  ^  (^■-/g)',/^cos(g-8)  ^/oZ,cos(7-g)l 


1-4 


or,  by  (8) ,  retaining  only  squares  of  a 


E. 


\        f      IZ  cos  (g-8)     PZ*  sm'i0-S)    IJi,  cos  (rf-S)] 

rT  — NE——+ — ^' — + — NE, — r"^ 

For  regulation  we  have  from  (3)  and  (5) 

NiE^^-E;)  =/Zcos  (0-S)  +/oZjcos  (7-f -s)-cos  (7-*)} 

— £,{cos  (a— 13)  —cos  13} 

=«/Zcos  (0  —  S)  +2/0Z,  sin  (7 S)  sin  - 

4  4 


+  2JS1  sm sm  — 

*  2  2 


Regulation  =  -*'•    ®* 


/Z  cos  (!?-«) +2/^.  sin  (7-^-a)(f-jf^_) 


+  2^1 

It  will  finally  appear  that  the  first  term  in  the  brackets  gives 
the  regulation  to  o.i  per  cent  and  all  other  terms  but  one  are 
negligible.    Hence,  as  already  shown  for  ratio,  we  may  neglect 

squares  of  fi,  cubes  of  a,  the  small  angle  -  in  the  expression 

4 

loZi  sin  (7 SV  and  put  NEj  equal  to  Ei  in  the  latter  terms, 

without  the  error  exceeding  o.oi  per  cent.    Substituting  values 
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of  a  and  fi  from  (8),  (9),  and  (10)  in  (12)  and  making  these 
approximations  we  have, 

Regulation^ jf^^        ,^>^^> 

/Z/^,sin(7-&)sin(g-8)  .^.x 

■^  2iV*£,>  "  ^ 

In  Case  i  the  last  term  is  only  0.004  P^  cent,  and  so  this  also 
may  be  omitted. 

SUMMART  OF  FORMULAS 

For  convenience  of  reference  the  formulas  for  ratio,  regulation, 
and  phase  angle  are  here  grouped  together  for  various  conditions 
of  loading.  They  are  obtained  from  equations  (11),  (13),  and 
(8)  by  means  of  the  relations 

X  =  Z  sin  Sand  i?=Z  cos  S 

In  the  derivation,  to  avoid  confusion  a  was  taken  positive 
when  the  phase  relations  were  as  shown  in  figure  i .  In  the  final 
formulas  given  below,  however,  the  sign  has  been  changed  so 
that  the  phase  angle  is  positive  when  the  reversed  secondary 
voltage  leads  the  primary.  When  ±  signs  occur  the  upper 
sign  should  be  used  for  lagging  and  the  lower  for  leading  secondary 
current. 

Ratio  =  iVl  I  I -^^cQsg±/Xsmg     (/jRsingq^/Xcosg)' 


io^ivT: 


/J?,  cc 


IqR^  cos  y+IpX^  sin  7"] 

NE,  J 


Ratio        jr    .   IR    .    PX*      /o/?iCOS7+/aXiSin7l 

(p.F.«i)=^^+]v^+i]\^»+ We, J 

Ratio        J"    .  IqR^  cos  y+IpX^  sin  7"] 
(no  load)  -\^  +  NE,  J 

T>          *        w              r/iRcos«±/Xsin^     (/i?sin^T/Xcos^n 
Per  cent  regulation  =  ioo|^ j^^ -h^ ^^^^^ ^  J 

Per  cent  regulation  I"  IR       PX?  1 

(P.F.«i)        ''^iVE,  +  i]V^»J 

27647**— 14 — 9 
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Phase  angle  =  ^IR  sin  ^  -  IX  cos  0  +  loRi  sin  7 — /oXj  cos  7] 

Phase  angle      i  r     r  v  ,  r  d    •  r  v  i 

(P.  F.  =  i)  ^^[-IX+IoRtSmy-IoX^cosy] 

Phase  angle      i  rr  d    •  r  v  i 

(no  load)    =g;[/o/?iSm7-/oX,cos7] 

(These  last  three  equations  give  the  phase  angle  in  radians.  To 
get  minutes,  multiply  by  3438.) 

For  most  practical  work  the  square  terms  in  the  formulas  for 
ratio  and  regulation  may  well  be  omitted. 

DISCUSSION  OF  FORMULAS 

The  combined  approximations  made  in  the  deduction  of  these 
formulas  are  less  than  o.oi  per  cent  in  ratio  and  regulation,  or 
0.4  minute  in  phase  angle  in  Case  2.  For  Case  i  the  approxi- 
mations may  tmder  some  conditions  add  up  to  0.03  or  0.04  per 
cent  in  ratio  and  regulation  or  i  .5  minutes  in  phase  angle.  In 
nearly  all  practical  cases  the  inacctu-acy  of  the  temperature 
meastuements  alone  is  sufficient  to  cause  an  error  as  great  as  the 
combined  approximations,  to  say  nothing  of  instrumental  errors 
and  the  assumption  that  the  reactance  imder  working  conditions 
is  the  same  as  that  imder  short  circuit  conditions. 

It  is  evident  from  the  form  of  the  equations  that  when  plotted 
against  ctnrent  at  a  given  power  factor  and  voltage  the  phase 
angle  of  a  transformer  gives  a  straight  line.  The  ratio  and  regu- 
lation give  nearly  a  straight  line,  the  very  slight  curvatiu^e  being 
due  to  the  square  term.  With  constant  secondary  current,  the 
phase  angle  gives  a  sine  curve  when  plotted  against  the  phase 
angle  of  the  connected  load,  crossing  the  axis  of  zero  phase  near 

the  point  where  0  =*  tan"*^.    Similarly,  the  ratio  and  regulation 

give  nearly  sine  curves  (distorted  by  the  square  term)  which 

have  their  maxima  where  0 = tan"*-^ .    Theserelations  may  be  found 

useful  even  when  the  short-circuit  data  are  not  available. 
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Si 

A  question  has  been  raised  in  regard  to  the  exact  definition 
of  rated  current  and  rated  voltage  of  a  transformer  when  the 
voltage  drop  within  the  windings  is  taken  into  consideration.  It 
appears  that  different  engineers  give  different  interpretations  of 
the  Standardization  Rules  of  the  American  Institute  of  Electrical 
Engineers  covering  the  point,  viz:  Rules  65,  65a,  67,  68,  69,  70, 
and  197.  Three  interpretations  may  be  given,  as  may  be  most 
clearly  seen  by  a  particular  case,  say  a  5  kva,  2300/110  volt 
trailsformer. 

First.  Hold  2200  volts  on  the  primary.  Draw  5000/110  am- 
peres.   Take  the  reading  of  a  voltmeter  placed  on  the  secondary 

asE). 

Second.  Hold  2200  volts  on  the  primary.  Draw  5000  volt 
amperes  from  the  secondary.  Take  the  readings  of  voltmeter 
and  ammeter  placed  in  the  secondary  as  Es  and  I,. 

Third.  Apply  whatever  primary  voltage  is  necessary  to  make 
J?3  «•  1 10  when  5000  volt-amperes  are  being  drawn. 

Since  the  ratio  given  on  the  name  plate  of  power  transformers 
is  the  ratio  of  turns  and  not  of  ftdl-load  terminal  voltages,  these 
interpretations  give  slightly  different  values.  While  the  mag- 
nitude involved  is  small,  it  is  a  matter  on  which  the  Institute 
Rules  should  be  definite,  since  it  affects  all  the  factors  involved 
in  the  rating  of  transformers.  It  is  to  be  hoped  that  the  am- 
biguity will  be  removed  in  the  next  revision. 

The  third  interpretation  would  seem  to  be  preferable,  since 
rule  65,  while  applying  primarily  to  power,  seems,  at  least  by 
implication,  to  indicate  that  rated  voltage  is  the  secondary  ter- 
minal voltage  at  rated  secondary  kva  load.  We  fiind  that  this 
is  the  interpretation  of  a  number  of  engineers. 

expbrhibntal  tests  of  the  formulas 

As  a  test  of  the  formulas  accurate  measurements  were  made  of 
ratio  and  phase  angle  of  two  different  t3rpes  of  lighting  trans- 
formers by  the  potentiometer  method^  and  covering  the  whole 
range  of  power  factors  from  zero  power-factor  current  leading  to 
zero  power-factor  current  lagging. 

*  For  a  dctcription  of  this  method,  ice  Agncw  and  Silsbcc.  Proceedings  A.  I.  B.  B.»  st.  1967;  Jttpe,  1919. 
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These  pluise  relations  were  obtained  by  opposing  two  similar 
transformers  as  in  the  usual  cotmections  for  a  heat  run.  The 
emf  which  was  inserted  to  circulate  the  load  current  was  derived 
from  the  secondary  of  a  phase  shifting  transformer  excited  from 
a  second  generator  on  the  same  shaft  as  that  which  excited  the 
transformer  under  test.  The  magnitude  of  the  current  could 
be  controlled  by,  the  generator  field  and  its  phase  adjusted  inde- 
pendently by  the  position  of  the  rotor  of  the  phase-shifting  trans- 
former. The  temperature  was  maintained  very  nearly  constant 
during  the  measurements,  and  the  results  have  been  corrected 
for  the  slight  variations  which  did  occur.  As  the  transformers 
were  small,  it  was  necessary  to  correct  for  losses  in  the  measuring 
instruments  employed. 

The  impedances  were  determined  by  the  usual  short-circuit 
test  using  carefully  calibrated  portable  instruments.  In  both 
transformers  the  resistance  was  found  to  be  the  same  on  a.  c. 
as  on  d.  c.  and  the  leakage  reactance  appeared  independent  of 
the  current  up  to  double-rated  current. 

Data  on  Tnmsf  ormers 
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Figs.  2  to  5  have  been  plotted  to  show  the  results  of  the  com- 
parison. Ratio,  regulation,  and  phase  angle  are  plotted  against 
the  angle  between  secondary  cturent  and  voltage.  (Power 
factors  have  also  been  indicated  on  the  axis  of  abscissas.)  The 
full  lines  are  computed  by  the  formulas  from  the  short-circuit 
data,  while  the  circles  represent  observed  points.  It  will  be 
seen  that  the  agreement  is  quite  satisfactory.    In  the  runs  plotted 
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Fig.  2. — Reflation  of  a  0.6  hva,  240I 120  volt  transformer 


— ^ 

D3.00 

^.^ 

•v^ 

100' 
80/ 

60' 

-;40' 

ul 

S  20' 

{  20' 

T 

60' 

^ 

^^ 

< 

92.00 

N 

N 

"^^ 

■* 

N 

\ 

— 1 
0 

31.00 

\ 

\ 

\ 

V 

\ 

4i 

i 

30.00 

N, 

^* 

\ 

N 

^ 

?r 

> 

\ 

^ 

M.oa 

"N 

^ 

\ 

\ 

\ 

s_ 

T 

\ 

9S.0C 

COMPUTED 

\ 

>^ 

80/ 
100' 

1 

0 

•1«:S 

r 

■^ 

,tp. 

V^. 

^.5 

P-V 

•w ., 

ffl_ 

iS&J 

"1 

^ER 
I 

FACl 

OR 

rtf. 

.:a? 

:^° 

bV 

404 

^V. 

90»  SO®  70*  60*  50*  40*  30*  20«  tO*  0«  10®  20*  30*  40*  50*  60«  70*  S0»  90» 
LAQ  PHASE  OF  SECONDARY  CURRENT         LEAD 

Fig.  3. — Ratio  and  phasi  angle  of  a  0.6  kva.  240I120  volt  transformer 
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in  Pigs.  6  and  7  the  voltage  on  transformer  B  was  arbitrarily 
raised  to  give  an  exciting  current  of  11  per  cent  of  rated  load 
current,  so  as  to  magnify  the  effect  of  the  approximations  made 
in  the  derivation  of  the  formulas.  The  agreement  between 
computed  and  observed  values  is  entirely  satisfactory,  again 
showing  that  the  effect  of  the  exciting  cttrrent  upon  the  regulation 
is  inappreciable.'  The  current  rating  was  taken  as  unchanged 
and  hence  the  rq^ulation  is  proportionately  less  than  at  rated 
voltage. 

The  average  differences  (taken  without  regard  to  sign)  between 
the  computed  and  observed  values  for  the  various  groups  of 
readings  are  given  in  the  accompanjoi^  table.  (Since  they  are 
averages  they  are  carried  to  one  place  farther  than  the  sensitivity 
of  the  method  of  direct  measurement.)  The  average  differences 
taken  with  regard  to  sign  were  negligible,  showing  that  there 
were  no  appreciable  systematic  errors. 

Average  Difierence  between  Observed  and  Computed  Values. 
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As  would  be  expected,  the  agreement  at  no  load  is  better  than 
with  load.  It  should  be  remembered  that  the  no-load  phase 
angle  is  computed  on  the  assumption  that  the  reactance  drop 
of  the  primary  is  equal  to  that  of  the  secondary. 

It  is  evident,  at  least  for  the  two  types  of  transformers  repre- 
sented in  these  tests,  that  the  short-circuit  test  gives  results 
which  are  entirely  adequate  for  the  predetermination   of  the 

•  For  fufthcrexperimcnUl  evidence  oathb  {Mint,  tee  Uoyd  and  Agnew»th^  Reprint 
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Fig.  4^ — Rigulatum  efas  ^rva.  iioo/uo  voU  transformer  at  normal  voUag$ 
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Fig.  5. — Ratio  and  phase  angle  of  a  $  kva.  iioojiio  -volt  transformer  at  normal  voUage 
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operating  characteristics,  the  accuracy  being  limited  by  the 
errors  of  measurement  and  not  by  theoretical  errors. 

The  applications  of  these  formulas  to  engineering  problems 
do  not  come  within  the  scope  of  this  paper.* 

It  is  to  be  hoped  that  tests  along  the  lines  of  those  here  de- 
scribed may  be  carried  out  with  widely  differing  t3rpes  and  sizes 
of  transformers  by  laboratories,  such  as  those  of  the  manufactur- 
ing companies,  which  have  the  necessary  facilities,  in  order  that 
the  adequacy  or  the  limitations  of  the  formulas  may  be  definitely 
settled. 

Washington,  July  11,  1913. 

NoTO. — Since  the  foregoing  was  written  the  attention  of  the  stand- 
ardization committee  of  the  American  Institute  of  Electrical  Engineers 
has  been  called  to  the  ambiguity  in  the  interpretation  of  Rules  65,  65a, 
67,  68,  69,  70,  and  197,  and  they  have  officially  decided  upon  the  third 
interpretation  given. 

*  It  may  be  wdl  to  mentioii  a  point  which  is  Mmictimcs  overlooked  in  penJlfling  tnnifonncn.  Two 
tmnafoixnerB  may  have  the  same  regiUation  and  the  same  no-load  ratio  and  still,  when  connected  in 
paialid.  have  a  very  considerable  drculatinf  current  caused  by  inequality  of  phase  ansle. 
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A  previotis  paper  ^  dealt  with  the  melting  points  of  commercial 
refractory  materials;  the  present  work  is  on  the  melting  points 
of  pure  oxides.  Results  obtained  with  magnesia,  lime,  alumina, 
and  chromium  oxide  are  given.  Although  numerous  oxides  are 
used  as  refractory  materials,  as  furnace  linings,  in  the  Nemst  fila* 
ment,  the  Welsbach  mantle,  and  the  limelight,  and  in  the  labo- 
ratory, the  melting  points  of  but  very  few  have  been  known  within 
several  hundred  d^;rees.  Many  of  the  published  determinations 
axe  quite  uncertain.  Por  example,  some  determinations  would 
indicate  that  lime  and  magnesia  are  more  fusible  than  alumina, 
which  can  easily  be  demonstrated  to  be  untrue,  for  alumina  is 
readily  fused  in  the  oxyhydrogen  flame,  while  pure  lime  and  pure 
magnesia  are  infusible  in  it,  at  least  under  ordinary  conditions. 

The  principal  diffictdties  encountered  in  the  accurate  determina- 
tion of  the  melting  points  are  the  production  of  very  high  tem- 
peratures uniform  over  a  sufScient  space  and  controllable;  the 
supporting  of  the  oxide  in  the  furnace  without  its  contamination 
by  the  material  used  as  a  support;  the  avoidance  of  smoke,  which 
would  interfere  with  the  measurement  of  temperature  by  an 
optical  pyrometer;  and  finally,  the  accurate  measurement  of  the 
temperature. 

The  furnace  used  was  an  Arsem  graphite  resistance  furnace,' 
with  some  minor  modifications.  This  f  tunace  was  designed  to  be 
used  with  a  vacuum,  which  prevents  the  oxidation  of  the  graphite 
and  diminishes  the  heat  losses.  The  vacuum  has  also  a  great 
advantage  in  the  measurement  of  high  temperatures,  as  it  prevents 
the  formation  of  smoke.    With  the  use  of  the  vacuum,  the  ftunace 


1 B.  S.  Teoh.  Papera,  No.  10, 1912. 

s  Arsem:  7.  Am.  Chem.  8oo.,  18,  p.  021, 1806;  Tnns, 


.  Am.  Eleotrooh.  Soo.,  •,  p.  153, 1906. 
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is  capable  of  giving  temperatures  over  3000®  C,  but  when  an 
attempt  was  made  to  melt  oxides  in  a  vacuum  in  this  furnace  it 
was  fotmd  that  when  the  temperature  reached  about  2200^  there 
was  an  electric  discharge  from  the  ends  of  the  heater  to  the  graphite 
shield,  which  soon  amotmted  to  a  short  circuit.  This  is  probably 
a  phenomenon  of  the  same  sort  as  the  Edison  effect.  It  has  been 
shown  by  Pring  and  Parker"  that  the  electric  discharge  from 
heated  carbon  is  very  much  less  if  the  carbon  is  pure  than  if  it 
contains  a  small  amount  of  impurity.  Prom  this  it  appears  that 
impurity  in  the  graphite  was  probably  responsible  for  the  dis- 
charge in  the  Arsem  furnace.  Perhaps  the  discharge  could  have 
been  prevented  by  purifying  the  graphite  of  the  heater,  but  as 
the  vaporization  of  the  oxides  heated  would  soon  contaminate  it 
again,  the  procedure  would  probably  be  of  little  use.  The  dis- 
charge can  be  avoided  by  using  heaters  of  very  low  resistance, 
making  it  possible  to  introduce  the  requisite  power  at  a  very  low 
voltage,  but  this  has  other  disadvantages.  The  discharge  can  also 
be  avoided  by  working  at  atmospheric  pressure,  with  the  concomi- 
tant difficulty  of  the  presence  of  smoke.  This  procedure  was 
found  to  be  necessary  in  many  cases,  for  when  lime  and  magnesia 
are  heated  in  a  vacutun  they  vaporize  completely  before  the  melting 
point  is  reached. 

With  the  use  of  atmospheric  pressure  considerably  more  power 
is  required  to  reach  the  same  temperature,  and  as  the  supply  of 
power  available  was  limited  it  was  necessary  to  change  the  con- 
struction of  the  furnace  somewhat  before  the  higher  melting 
points  could  be  reached.  The  heater  was  made  of  somewhat 
smaller  diameter,  as  shown  at  E,  Fig.  i,  and  a  second  shield  for 
heat  insulation,  P,  was  placed  within  the  shield  G,  supplied  with 
the  furnace.  The  inner  shield  was  filled  with  powdered  graphite, 
while'  the  outer  shield,  which  of  cotu-se  does  not  reach  so  high  a 
temperature,  was  filled  with  powdered  shrtmk  magnesia.  After 
this  arrangement  had  been  used  for  some  time  it  was  foimd  that 
the  outer  shield  was  badly  cracked,  apparently  as  the  result  of 
the  expansion  of  the  magnesia. 

A  glass  window,  H,  was  substituted  for  the  mica  window  sup- 
plied with  the  furnace.    The  glass  was  attached  by  a  mixttu-e  of 

•  PrlDg  and  Parker:  Phil.  ]£ag.,  tt,  p.  192,  1012. 
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rosm  and  beeswax.    To  keep  this  material  cool  an  additional 
water  jacket,  I,  was  applied. 

A  small  improvement  in  the  upper  copper  clamp,  J,  connecting 
the  heater  with  one  of  the  copper  tubes  carrying  the  electric  cur- 
rent and  the  cooling  water,  may  be  worthy  of  mention.  As  origi- 
nally constructed,  only  one-half  of  this  clamp  was  water-cooled 
directly,  the  other  half  being  connected  to  it  only  by  steel  screws. 
This  imcooled  half  is  likely  to  be  melted  when  the  furnace  tem- 
perature is  high.  To  avoid  this  a  clamp  of  the  form  shown  in 
Pig.  2  was  used.     In  this,  the  part  K  is  kept  cool  by  the  conduction 


Rg.  2 

of  heat  along  the  side  pieces  L,  L,  which  fit  closely  upon  the  water- 
cooled  half  M. 

The  temperatures  were  measured  by  means  of  a  Morse  optical 
pjrrometer  of  the  Holbom-Kurlbaum  type,^  which  was  sighted 
vertically  downward  through  the  furnace  window.  The  cturent 
in  the  pyrometer  lamp  was  measured  with  a  Siemens  and  Halske 
milUammeter  with  a  shtmt.  This  instrument  was  calibrated 
several  times,  with  close  agreement,  and  its  very  small  tempera- 
ture coefficient  was  taken  into  account.     Its  readings  are  certainly 

*  Holboni  uid  Kuribaum:  Sitsber.  d.  k.  Akad.  d.  WlMnnh.  en  Bcriin,  June  18,  p.  712, 1901;  Amu  d. 
Pliys.,  !•,  p.  225, 1908.  Waldner  and  Buiibbw;  B.  8.  Raprint  No.  11, 1904.  MendenliaO:  Fhys.  Rey.,lt, 
p.  74;  1911.    Haming:  Za.  f.  InatranMnteiikiiiida,  SO,  p.  01, 1910. 
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reliable  to  0.001  ampere  and  probably  to  0.0005  ampere.  The 
p3TometeT  lamps  had  been  tfaorotighly  i^ed  and  were  calibrated 
against  the  following  melting  points; 


These  materials  were  melted  in  the  Arsem  furnace  in  graphite 
crucibles,  amilar  to  that  shown  in  Fig.  3,  but  entirely  closed  at 
the  top  to  prevent  contamination.  Heating  or 
cooling  curves  were  plotted.  This  method  has 
already  been  described.' 

In  the  present  work  some  crucibles  were  used  | 
in  which  the  iimer  tube  was  enlarged  at  the  bot- 
tom in  order  to  form  a  better  black  body,  but 
no  difference  could  be  dettfcted  between  the 
results  obtained  with  this  form  and  with  a  cyl- 
indrical tube. 

Diopside  has  been  added  to  the  list  of  ma- 
terials previously  used  in  order  to  make  the 
calibration  at  the  highest  temperatures  more  re- 
liable. There  are  very  few  materials  melting 
between  the  melting  point  of  copper  and  the 
working  limit  of  the  pyrometer  lamps,  the  melt- 
ing points  of  which  have  been  accurately  deter- 
mined. The  melting  point  of  diopside  is  very 
near  this  working  limit.  It  has  been  deter- 
mined by  Day  and  Sosman.*  The  sample  of 
diop^de  used  was  kindly  furnished  by  Dr. 
Sosman.  Since  it  is  not  desirable  to  use  plati- 
nmn  crucibles  in  the  Arsem  fiu^ace,  the  diopside  was  melted 
in  Acheson  graphite.  This  has  no  observable  action  upon 
diopside  at  its  melting  point.  As  a  check  upon  this  some 
diopside  was  maintained  near  its  melting  point  in  a  graphite 

>  KMMit:  B.  8,  Tteb.  Pvm  No.  10.  •  Da;  ud  eomun:  Am.  J.  6d.,  M,  p.  (9,  1*10. 
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crucible  for  about  fotu-  hours,  while  a  series  of  determinations  of 
the  melting  point  was  made.  No  change  in  the  melting  point 
could  be  detected.  A  change  of  i®  would  probably  have  been 
observable.  After  the  pyrometer  lamps,  which  had  previously 
been  calibrated  at  the  lower  temperatures,  had  been  calibrated  at 
the  diopside  point,  recalibration  at  lower  temperatures  lead  to  the 
suspicion  that  they  had  been  changed  by  the  high  temperature, 
although  the  change  was  small.  To  avoid  uncertainty  from  this 
cause  the  lamps  were  completely  recalibrated  at  the  four  lower 
points  after  calibration  at  the  diopside  point.  Thereafter  they 
were  never  heated  above  1300®. 

The  relation  between  pyrometer  lamp  cturent  and  temperature 
was  expressed  by  an  equation  of  the  form,  C^a'\'bt+cf,  which 
could  be  made  to  coincide  closely  with  all  five  points  of  calibration. 

As  the  temperatures  to  be  measured  were  far  above  the  working 
limit  of  the  pjrrometer  lamps,  it  was  necessary  to  interpose  absorp- 
tion glasses  between  the  pyrometer  and  the  furnace.  In  order  to 
calibrate  these  glasses  a  graphite  crucible  was  placed  in  the  Arsem 
furnace,  the  interior  of  the  crucible  fopning  a  field  of  very  uniform 
brightness.  A  steady  current  was  passed  through  the  furnace 
and  the  temperattu-e  allowed  to  become  stationary.  Measurements 
of  the  apparent  temperature  were  then  made  alternately  with  and 
without  the  interposition  of  the  absorption  glass  or  combination 
of  glasses  to  be  calibrated.  If  T^  is  the  absolute  temperature  as 
observed  without  the  glass,  and  T,  is  the  apparent  absolute  tern- 
peratiu%  observed  with  the  glass,  the  following  relation  is  easily 
deduced  from  the  Wien  radiation  law: 

where  A  is  a  constant  for  monochromatic  light.  The  values  of 
the  constants  of  Wien's  law  do  not  enter  into  the  work.  The 
difference  between  the  Wien  radiation  law  and  the  Planck  law  in 
the  visible  spectnmi  is  entirely  insignificant. 

In  some  cases  a  single  absorption  glass  was  used;  at  the  highest 
temperatm-es  it  was  necessary  to  use  two.  The  values  of  A  for 
two  or  more  glasses  in  series  should  be  equal  to  the  sum  of  the 
values  for  the  individual  glasses.  Theoretically,  the  double  reflec- 
tions between  the  surfaces  of  the  different  absorption  glasses,  and 
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also  between  the  absorption  glasses  and  the  furnace  window^  should 
cause  a  variation  from  this  relation,  but  it  was  found  by  calculation 
that  for  the  particular  combinations  used  the  net  result  of  these 
small  effects  was  quite  n^ligible.  However,  the  first  calibrations 
of  two  glasses  in  series  gave  values  of  A  somewhat  less  than  the 
stun  of  the  values  for  the  individual  glasses.  Similar  discrepancies 
were  obtained  by  Waidner  and  Buxgess  ^  in  their  work  on  the 
temperature  of  the  arc.  Such  results  may  be  caused  by  the  use 
of  light  which  is  not  monochromatic.  In  the  present  work  the 
newer  kind  of  Jena  red  glass,  No.  4512,  was  used,  and  this  has  so 
narrow  a  transmission  band  that  the  error  from  this  source  can 
not  be  large.  Calibrations  made  with  Jena  red  glass  No.  2945, 
which  is  less  nearly  monochromatic,  gave  greater  discrepancies. 
The  cause  of  the  discrepancies  remaining  when  the  better  red  glass 
was  used  was  fotmd  in  the  lag  of  the  pyrometer  lamps.  These 
lamps,  which  were  furnished  by  the  makers  of  the  p3rrometer, 
have  filaments  about  0.17  mm.  in  diameter  and  measuring  5  mm. 
in  length  of  loop,  or  10  mm.  in  total  length.  With  such  short  fila- 
ments several  minutes  are  required  for  the  lamp  to  approach  suffi- 
ciently near  to  temperattu-e  equilibrium  for  the  most  accurate 
work.  This  is  because  with  short  filaments  a  considerable  pro- 
portion of  the  heat  is  lost  by  conduction  along  the  leads,  and  the 
temperature  of  the  lamp  does  not  become  stationary  tmtil  tempera- 
ttu-e equilibritun  has  been  reached  in  the  leads.  With  lamps 
having  longer  filaments  a  greater  proportion  of  the  heat  is  lost  by 
radiation  and  the  lag  is  much  less.  The  lag  made  no  consider- 
able difference  in  the  calibration  of  the  lamps,  for  in  this  case  the 
lamps  were  maintained  at  or  near  the  temperature  of  the  fixed 
point  long  enough  for  equilibrium  to  be  reached.  But  in  the  cali- 
bration of  the  absorption  glasses  by  the  method  first  used,  it  was 
necessary  to  change  the  lamp  temperature  at  frequent  intervals, 
the  amount  of  the  change  being  greatest  with  dense  absorption 
glasses.  To  avoid  this  difficulty  two  pjrrometer  lamps  were  used, 
each  having  its  own  regulating  resistance,  but  so  arranged  that  they 
could  be  quickly  interchanged  in  the  pyrometer,  and  could  be 
alternately  put  in  series  with  the  same  ammeter.  Each  lamp  was 
maintained  at  approximately  constant  temperature,  one  being 
used  to  measure  the  temperature  of  the  f  tunace,  the  other  to  meas- 
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ure  the  apparent  temperattire  observed  through  the  absorption 
glasses.  With  the  use  of  this  apparatus  good  agreement  was 
obtained  between  the  observed  values  of  A  for  two  absorption 
glasses  in  series,  and  the  values  calculated  from  the  values  for  the 
individual  glasses,  the  remaining  discrepancy  being  such  as  could 
be  produced  by  errors  of  less  than  i  ®  in  temperature  measurement. 

The  glass  furnace  window  absorbed  and  reflected  a  small  amount 
of  light,  and  it  was  necessary  to  apply  a  correction  for  this. 
To  determine  the  value  of  A  for  the  window,  a  second  glass 
was  cut  from  the  same  piece,  and  determinations  of  the  apparent 
furnace  temperature  were  made  alternately  with  and  without  the 
interposition  of  this  second  piece.  A  very  small  correction  was 
applied  for  the  double  reflection  between  the  two  pieces. 

As  a  check  upon  the  whole  pyrometric  apparatus  a  series  of 
determinations  of  the  melting  point  of  platinum  was  made.  The 
platinum  was  melted  in  tubes  made  of  a  mixture  of  magnesia  and 
altunina,*  obtained  from  the  Konigliche  Porzellan-Manufactur, 
Berlin.  These  tubes  were  inserted  in  a  vertical  iridium  furnace. 
Both  heating  and  cooling  curves  were  obtained.  The  black-body 
conditions  were  very  good,  the  platinum  being  entirely  invisible. 
Usually  3  to  4  grams  of  platinum  were  used.  The  platinum  was 
the  purest  obtainable  from  Heraeus,  and  of  the  same  kind  as  that 
used  by  several  investigators  in  the  determination  of  the  melting 
point  of  platinum.* 

The  results  are  included  in  Table  i .  The  weighted  mean,  1755®, 
is  identical  with  the  value  accepted  as  the  melting  point  by  the 
Bureau  of  Standards. 

TABLE  1 

Mdting  Point  of  Platinum 


PyiamtlR  Itmp 

AlMOfpCiiui 

MelttBt 
point 

WaIgM 

171 

434841 

4248A1 

4248A1 

424841+42478 

4248A1+4247B 

•c 

1745 
1751 
1753 
1761 
1759 
1755 
5 

171 

171 

171 

171 
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The  problem  of  avoiding  smoke  when  the  oxides  are  not  heated 
m  a  vacuum  has  received  very  little  attention  in  previous  work, 
and  is  probably  responsible  for  several  low  results.  It  was  found 
that  errors  from  the  presence  of  smoke  could  be  avoided  by  intro- 
,ducing  into  the  oxide  to  be  melted  a  tube  of  suitable  material  into 
which  the  pyrometer  was  sighted,  and  driving  from  this  tube  any 
smoke  that  might  enter  through  pores  or  joints  by  a  gentle  current 
of  gas.  Very  good  black-body  conditions  were  obtained  within 
such  tubes.  With  this  apparatus  it  was  impossible  to  see  the 
oxide  while  it  was  in  the  furnace,  but  as  all  melting  points  were 
determined  by  heating  curves  this  was  not  necessary,  and  the  de^ 
terminations  could  be  checked  by  the  examination  of  samples  that 
had  been  heated  to  temperatures  slightly  below  that  obtained  for 
the  melting  point,  and  also  of  samples  heated  slightly  above  this 
temperature.  A  somewhat  different  method  has  also  b^en  used 
in  determining  the  melting  point  of  lime.  The  lime  its^U  was 
made  into  a  tube,  the  upper  end,  by  which  it  was  supported,  being 
at  a  low  temperature,  while  the  lower  end  extended  into  the  hot  part 
of  the  furnace.  The  tube  was  kept  free  from  smoke  by  a  gentle 
current  of  hydrogen,  which  passed  out  through  an  oblique  opening 
at  the  bottom.  The  p3rrometer  was  sighted  into  the  tube,  and  a 
heating  curve  was  plotted.  This  method  has  the  advantage  of 
avoiding  all  contact  of  foreign  substances  with  the  material  being 
melted.  It  is  believed  that  it  will  prove  of  value  in  work  upon 
other  substances. 

The  magnesia  used  was  obtained  from  the  J.  T.  Baker  Chemical 
Co.     The  maker's  analysis  is  as  follows: 


CaO None. 

A]  A aoooa   . 

Fc a  0005 

COa a  130 

a a  275 

HNOg None. 

SO, —a  001 

As  it  is  difficult  to  completely  free  magnesia  from  lime,  and  as 
it  was  found  that  magnesia  sold  as  free  from  lime  may  contain 
considerable  quantities  of  it,  a  spectroscopic  test  for  lime  was  made 
on  this  sample,  but  none  was  fotmd.     It  was  found  by  experiment 
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that  the  test  was  sensitive  at  least  to  o.oi  per  cent  of  lime.  The 
cartKin  dioxide,  chlorine,  and  sulphur  trioxide  indicated  in  the 
maker's  analysis  would  of  course  be  vaporized  before  the  magne- 
sia reached  its  melting  point. 

The  magnesia  was  melted  in  graphite  crucibles,  for  it  forms  no 
cart^de  at  high  temperature."  It  is  probably  the  only  r^ractofy 
oxide  having  this  property.  It  does  react  with  carbon 
with  the  fonnation  of  carbon  monoxide  and  magnesium 
vapor,"  but  this  introduces  no  contamination  into  the 
m^inesia.  It  causes  a  rapid  loss  of  magnesia,  espedally 
after  fusion,  but  it  was  found  possible  to  heat  the  fur- 
nace rapidly  enough  to  detoinine  the  meltit^  point 
before  the  magnesia  had  all  gone,  although  it  was  not 
practicable  to  obtain  cooling  curves,  and  there  was  often 
no  magnesia  left  when  the  furnace  had  cooled.  All 
experiments  were  made  at  atmospheric  pressure  in  a 
mixture  of  carbon  monoxide  and  nitrogen  obtained  by 
drawing  air  through  a  bed  of  hot  charcoal.  When  a 
vacuum  was  tried  the  magnesia  vaporized  before  the 
melting  point  was  reached,  even  when  the  magnesia  was 
not  heated  in  contact  with  carbon,  but  was  in  the  form 
of  a  rod  supported  by  one  end  which  was  at  a  low 
temperature. 

The  apparatus  used  for  magnesia  is  shown  in  detail  in 

Fig.  4,  and  is  shown  in  position  in  the  furnace  in  F^.  i. 

It  was  made  entirely  of  graphite.    The  magnesia  is 

shown  at  A-    The  pyrometer  was  sighted  down  the 

tube  B.     A  mixture  of  carbon  monoxide  and  nitrogen 

was  introduced  into  this  tube  through  the  stopcock  N 

(Fig.  i),  and  passed  down  through  a  very  small  hole  C, 

which  was  drilled  obliquely  to  avoid  its  appearing  as  a  dark  spot 

in  the  field  of  the  pyrometer.     The  gas,  together  with  the  smoke 

from  the  magnesia,  then  passed  down  through  the  tube  D.     The 

object  of  tins  tube  was  to  prevent  the  gases  from  coming  directly 

in  (xmtact  with  the  hot  part  of  the  heater,  as  this  would  bum  a  thin 

place  in  the  heater.    With  the  use  of  this  apparatus  one  heater 

would  last  for  about  four  experiments,  barring  accidents.     The 
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upper  part  of  the  tube  D  was  made  small  to  diminish  heat  conduc- 
tion; the  lower  part  was  made  larger  to  avoid  clogging  with  mag* 
nesia.  Gas  was  driven  through  the  apparatus  at  the  rate  of  about 
5  cc  per  second,  measured  cold,  or  about  50  cc  per  second  at  the 
temperature  of  the  apparatus.  In  order  to  determine  whether 
this  produced  an  appreciable  cooling  efifect,  the  empty  apparatus 
was  heated  to  about  2500^  and  the  temperature  allowed  to  be- 
come constant.  As  there  was  no  magnesia  in  the  furnace  there 
was  no  perceptible  smoke.  A  number  of  temperature  measure- 
ments were  then  made  without  a  gas  current,  then  with  the  gas 
turned  on,  and  again  with  the  gas  turned  off.  The  measurements 
were  in  close  agreement  and  indicated  that  the  cooling  produced 
was  not  more  than  5^.  A  confirmation  of  this  was  obtained  in 
another  way  in  the  work  on  alumina. 

The  magnesia  that  had  been  fused  was  colorless,  fairly  transpar- 
ent, and  of  a  compact  crystalline  structure. 

The  results  obtained  with  magnesia  are  given  in  Table  2. 

TABLE  2 
Melting  point  of  magnesia,  obtained  with  apparatus  shown  in  Fig.  4 


171. 

m 

171 
147 
147 
147 


Awnf«  dcfia- 


4aMAl+4a47B. 
434841+42498. 
4248A1+4247B . 
4248A2+4247A. 
4248A2+4247A, 
4248A2+4247A. 


POBR 
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2780 
2818 
2771 


2799 


2800 


18 


S 
2 
8 
1 
2 
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The  lime  used  was  obtained  by  the  ignition  of  some  calcium 
carbonate,  obtained  from  the  Baker  &  Adamson  Chemical  Co. 
The  maker's  analysis  is  as  follows: 

OHBODO  III  HCl 


a 8^1004% 

Httnto nil 

ItaMdK Nn 


MS. 
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Since  lime  readily  forms  carbide  when  heated  to  high  tempera- 
tures in  contact  with  graphite,  the  use  of  graphite  crucibles,  as 
with  magnesia,  was  out  of  the  question.  In  place  of  graphite 
tungsten  was  tried.  Tungsten  is  readily  obtainable  in  the  form 
of  a  fine  powder.  It  is  possible  to  make  rods  or  thick-walled 
crucibles  of  this  by  moistening  it  with  water,  compressing  it  in  a 
mold,  and  then  removing  it  from  the  mold  and  heating  it  to 
about  1 800^  C  or  higher  without  contact  with  air.  At  this  tem- 
perature the  tungsten  powder  sinters  to  a  porous  mass,  the  hard- 
ness of  which  depends  upon  the  temperature  to  which  it  has  been 
heated.  But  if  thin-walled  or  comparatively  frail  forms  are 
molded,  it  is  practically  impossible  to  remove  them  from  the 
mold  before  heating  without  breaking  or  distorting  them.  This 
difficulty  may  be  overcome  by  using  a  mold  the  outer  parts  of 
which  are  made  of  graphite,  while  the  inner  parts,  by  which  the 
inner  surfaces  of  tubes  or  crucibles  are  formed,  are  made  of  metal. 
These  inner  parts  are  readily  removed  from  the  tungsten.  The 
graphite  part  of  the  mold  and  the  tungsten  in  it  are  then  heated 
together  to  1 800**  to  2000**,  after  which  the  tungsten  can  be  removed 
from  the  mold.  Tungsten  readily  combines  with  carbon  at  these 
temperatures,  and  if  the  heating  is  continued  for  any  length  of 
time  the  tungsten  adheres  to  the  mold  and  may  become  badly 
contaminated.  However,  if  the  ttmgsten  is  heated  very  rapidly 
to  the  sintering  temperature  and  then  immediately  cooled, 
as  can  readily  be  done  in  the  Arsem  furnace,  it  takes  up 
but  little  carbon  and  does  not  adhere  to  the  mold.  Tungsten 
can  be  molded  into  almost  any  shape  in  this  way.  The  product 
is  very  porous  and  readily  absorbs  thin  liquids,  which  would  be 
a  disadvantage  for  many  ptuposes;  but  it  does  little  harm  in  the 
determination  of  melting  points,  for  after  a  material  has  been 
melted  and  its  melting  point  determined,  it  usually  matters  but 
little  what  happens  to  the  melted  material.  If  the  tungsten  is 
sintered  at  a  comparatively  low  temperattu-e  it  can  afterwards  be 
shaped  by  grinding  and  to  some  extent  by  cutting,  although  it 
soon  dulls  a  steel  tool. 

Three  melting-point  determinations  were  made  in  an  appa-. 
ratus  similar  to  that  used  for  magnesia  (Fig.  4),  but  having  the 
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crudble  and  the  inner  tube  made  of  tungsten.     These  restilts 
were  ib  excellent  agreement.    The  tungsten  parts  usually  melted 
as  soon  as  the  lime  melted.    This  may  have  been  the  result  in 
part  of  the  contamination  of  the  tungsten  by  carbon  or  the  pres- 
ence of  other  impurity,  but  it  was  noticed  that  the  melting  of 
the  crucible  appeared  to  begin  on  the  reside,  indicating  that  it 
was  the  result  of  the  contact  of  tungsten  with  fused  lime.     This 
suggested  that  if  the  Ume  contaminated  the  tungsten, 
the  tungsten  might  also  contaminate  the  lime  and 
change  its  melting  point.    In  order  to  check  the  results 
so  obtained  the  lime  tube  method  was  used.     This  ap- 
paratus is  shown  in  Fig.  5. 

The  lime  tube  O  is  connected  by  a  taper  joint  to 
the  graphite  tube  P,  which  is  supported  from  the  top 
of  the  furnace.     The  hydrogen  driven  into  the  tube  to 
remove  smoke  passes  out  through  the  small  oblique 
'>pcn"ig  Q-     It  is  quite  likely  that  the  gas  current 
produced  some  coohng  in  this  case,  for  lime  is  a  poorer 
conductor  of  heat  than  the  graphite  or  timgsten  used 
in  the  inner  tubes  in  previous  experiments.     This  cool- 
ing could  cause  no  error  in  this  case,  as  it  is  produced 
directly  in  the  material  to  be  melted.     A  gentle  gas 
current  was  found  to  remove  smoke  quite  effectively. 
The  results  obtained  in  this  way  agreed  entirely  with 
those  obtained  in  tungsten  crucibles.     A  test  for  calcium        ^' 
carbide  was  apphed  to  hme  from  the  lower  end  of  a  lime  tube  after  it 
had  been  heated  almost  to  the  melting  point,  but  no  carbide  could 
be  detected.     The  test  was  probably  sensitive  to  0.01  per  cent. 
This  lime  was  perfectly  white.     The  upper  parts  of  the  tubes, 
which  did  not  reach  so  high  temperatures,  were  always  gray  after 
heating  and  contained  small  amounts  of  carbide.     It  is  probable 
that  at  the  temperature  of  fusion  any  carbide  that  was  formed  at 
lower  temperatures  reacted  with  the  lime  forming  carbon  monox- 
ide and  cdcitim  vapor. 

The  results  obtained  with  lime  are  given  in  Table  3. 
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TABLE  3 
Melting  Point  of  Lime 
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The  alumina  used  was  obtained  from  Eimer  &  Amend.  The 
maker's  analysis  is  as  follows: 

Percent. 

Iron a  ooi 

Calcium None. 

Silica — .  OOI 

Chloride 005 

Sulphate — .  001 

The  first  determinations  of  its  melting  point,  made  before  the 
tungsten  crucibles  had  been  prepared,  were  made  in  graphite. 
Alumina  forms  a  carbide  at  its  melting  point,  but  the  reaction  is 
not  a  rapid  one.  There  appeared  to  be  none  formed  imtil  after 
the  alumina  had  melted  and  had  remained  for  a  time  in  contact 
with  carbon.  The  alumina  rapidly  diminished  in  quantity  after 
melting.  How  much  of  this  loss  was  the  result  of  the  vaporization 
of  alumina  and  how  much  the  result  of  reaction  with  the  graphite 
with  the  formation  of  alummum  vapor  was  not  determined. 
Alumina  that  had  remained  in  the  melted  condition  but  a  short 
time  was  white  and  of  a  compact  crystalline  structure.  When 
maintained  in  a  fused  condition  for  some  time  it  became  grajrish 
in  color.  Any  changes  that  may  occur  after  the  fusion  of  the 
alumina  cause,  of  cotu'se,  no  error  in  the  melting-point  determi- 
nation. After  ttmgsten  crucibles  had  been  prepared  determina- 
tions were  made  in  tungsten  with  the  same  results.  Alumina  can 
be  melted  in  a  vacuum  sufficiently  good  to  prevent  smoke  without 
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vaporizing  too  rapidly.  Experiments  were  made  at  a  pressure  of 
about  2  mm  of  mercury  and  also  at  atmospheric  pressure.  In  the 
latter  case  apparatus  of  the  form  used  with  magnesia  (Pig.  4)  was 
used.  In  working  with  a  vacuum,  crucibles  of  the  form  shown  in 
Pig.  3  were  used.  As  these  crucibles  were  partly  open  at  the  top 
the  melting  material  could  be  seen  at  the  same  time  that  the  tem- 
perature determinations  were  made  with  the  p3rrometer  sighted 
down  the  inner  tube.  The  close  agreement  between  results 
obtained  in  a  vacuum  and  at  atmospheric  pressure  in  a  current 
of  gas  is  further  evidence  that  the  gas  current  does  not  cool  the 
inner  tube  appreciably. 
The  restilts  obtained  with  alumina  are  given  in  Table  4. 

TABLE  4 

Mdting  Point  of  Alumina 
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The  chromium  oxide  (Cr,0,)  used  was  obtained  from  Kimer  & 
Amend.     The  maker's  analysis  is  as  follows: 

Per  ocnt. 

Iron a  ox 

Chiomate Trace. 

Sulphate o.  005 

It  was  melted  in  a  vacuum  in  crucibles  of  the  form  shown  in 
Pig.  3.  When  graphite  crucibles  were  used  there  was  little  reduc- 
tion until  the  oxide  began  to  melt;  then  there  was  a  vigorous 
reaction.    When  tungsten  crucibles  were  used  the  melted  oxide 
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soaked  into  the  porous  tungsten  to  a  considerable  extent, 
results  obtained  with  the  two  crucible  materials  were  in 
ment.    They  are  given  in  Table  5. 

TABLE  5 


Mdting  point  of  chromiiun  oxide,  obtained  with  cnicibles  of  the  form 

shown  in  Fig.  3 
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171 
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4248A1+4247B 
424«A1+4247B 
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4248X2 
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Gnphlte. 


ao.. 

Onphlto. 


politt 


1990 
1982 
1999 
1991 


1990 


Some  typical  heating  curves  are  shown  in  Pig.  6.  There  was 
no  appreciable  difference  in  curves  obtained  with  different  oxides. 
Usually  there  was  a  small  break  in  the  heating  curve  at  a  tem- 
perature a  little  below  the  melting  point.  It  is  believed  that  this 
small  lag  in  the  heating  was  always  present,  although  it  was  not 
always  certainly  observable.  It  tmdoubtedly  occtu-s  at  the  instant 
that  melting  begins  on  the  outside  of  the  mass  of  material.  Since 
the  oxides  are  comparatively  poor  conductors  of  heat  and  since 
the  rate  of  heating  was  necessarily  rather  rapid,  the  temperature 
of  the  inside  of  the  mass  where  the  temperature  was  measured 
lagged  appreciably  behind  the  temperature  of  the  outside,  until  the 
outside  began  to  melt,  after  which  the  temperature  of  the  inside 
rose  to  the  melting  temperattu-e  ahready  reached  on  the  outside, 
and  a  distinct  break  in  the  ctu^e  corresponding  to  the  true  melting 
point  followed.  This  explanation  is  supported  by  observations 
made  when  the  open  crucibles  shown  in  Fig.  3  were  used.  The 
beginning  of  melting  on  the  outside  of  the  mass  was  sometimes 
observed  at  the  same  time  that  the  small  preliminary  break  in  the 
heating  curve  occurred. 
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In  Table  6,  the  results  obtained  are  compared  with  determina- 
tions by  previous  investigators.  It  will  be  noted  that  the  older 
values  for  the  melting  points  of  magnesia  and  lime  are  very  much 


2900 


MINUTES 

Fig.  6. — Hiadfig  curves  cbtaimd  with  magmsia  (upper  curve)  and  lime  (lower  curve). 

lower  than  the  results  of  this  investigation,  although  Greenwood  " 
records  the  use  of  magnesia  crucibles  as  high  as  2500^.  In  the 
work  of  Hempel,  Goodwin  and  Mailey,  and  Lampen  there  seems 

uProc.  Roy.  Soc.  (A).  8t«  p.  396;  1909* 
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to  have  been  little  or  no  precauticm  taken  against  the 
smoke. 

TABLE  6 


iVcLt9 

of 


Mitatal 

MelttBt 
polst«  Bo- 

SlHBdsrds 
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•a 
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2800 
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2000fiin>Mi>* 

1900-2023  MMdanboll  and  linoiooll  >• 

OfW  2500  Ruff  IV 

c«o 

2572 

1900  HmivoI  >• 
OvOT  2450  Huff  ir 

AliO. 

2050 

laOOHompoii* 

205^2100  Snmdonu 
2010Riifl>v 

CwOt 

1990 

2060-2060  Ruff" 

^ Bor.  Inter.  KongieM  Anfcw.  Chen.,  1,  p, 71s;  1903. 

i^Fbyi.  Rev.,  SS,  p.  m;  1906. 

1*  J.  Am.  Chcm.  Soc.,  M,  p.  846:  1906. 

i*Phys.  Rev.,  85,  p.  i;  1907. 

^  Zo.  f .  anorg.  Chcm.,  8t,  p.  373;  1913. 

"Trans.  Am.  Slectrocfacm.  See.,  If.  p.  333;  1911. 

In  the  work  of  Mendenhall  and  IngersoU  small  particles  of  mag- 
nesia were  heated  upon  a  Nemst  glower.  On  account  of  the  small 
amount  of  material  there  was  probably  no  considerable  amount 
of  smoke,  but  the  magnesia  would  almost  certainly  flux  with  the 
glower  material.  None  of  these  investigators  have  given  much 
attention  to  the  purity  of  the  magnesia,  which  seems  to  be  more 
difficult  to  obtain  ptu-e  than  lime  or  alumina. 

Rtiff  and  his  collaborators  have  published  determinations  of 
a  large  number  of  melting  points.  The  full  results  have  appeared 
since  this  article  was  written.  The  value  quoted  above  for  chro- 
mitun  oxide  (-2060  to  2080^)  is  not  presented  by  Ruff  as  the  true 
melting  point.  Lower  values  were  also  obtained  but  were  appar- 
ently the  result  of  partial  reduction. 

The  writer  has  obtained  preliminary  results  with  other  oxides 
and  the  work  will  probably  be  extended.  The  method  in  which 
the  refractory  material  is  made  into  a  tube  appears  to  be  the  most 
promising. 

Mr.  S.  E.  Moore  has  rendered  valuable  assistance  in  this  work. 
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SUMMARY 


The  melting  points  of  some  refractory  oxides  have  been  deter- 
mined in  a  graphite  resistance  vacumn  furnace.  The  tempera- 
tures were  measured  by  an  optical  p3nxmieter  and  heating  curves 
were  plotted.  The  production  of  smoke  when  some  of  the  oxides 
were  heated  was  found  to  be  an  important  source  of  error,  as  the 
smoke  interferes  with  the  use  of  the  pyrometer.  Means  by  which 
this  difficulty  was  overcome  are  described.  The  following  melt- 
ing points  were  obtained,  the  melting  point  of  platinum  being 
determined  merely  as  a  check. 
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INTRODUCXION 

The  question  of  the  allotropy  of  iron,  in  spite  of  a  vast  amount 
of  experimental  work  and  perhaps  an  even  greater  amount  of 
theorizing,  is  not  yet  settled.  That  there  is  a  definite  transforma- 
tion in  iron  near  900^,  the  A3  point,  is  generally  recognized,  as 
well  as  the  fact  that  the  temperature  of  this  transformation  is 
lowered  by  the  addition  of  carbon  and  metallic  elements.  On 
heating  the  transformation  Ac3  is  alwa3rs  found  at  a  higher  tem- 
perature than  the  transformation  Ar3  on  cooling.  Whether  the 
A3  transformation  is  sharp,  like  the  melting  point  of  a  pure  sub- 
stance, or  extends  over  a  considerable  range  of  temperatures, 
embracing  perhaps  as  a  lower  limit  the  A2  change,  appears  to  be 
still  an  open  question  for  pure  iron.  The  nature  and  identity  of 
the  A2  transformation,  it  would  appear  from  recent  publicatiotis, 
has  not  yet  been  satisfactorily  settled. 

In  the  present  paper  there  is  given  a  critical,  historical  sum- 
mary of  the  experimental  investigations  of  the  location  of  A2 
and  of  A3  in  pure  iron,  together  with  brief  mention  of  some  of 
the  theoretical  aspects  of  the  subject,  and  an  account  of  a  series 
of  experiments  carried  out  with  several  samples  of  very  pure 
iron  which  were  studied  by  two  methods  of  thermal  analsrsis  in 
the  range  500^^  to  1000^,  and  which  it  is  believed  furnish  a  con- 
tribution of  considerable  interest  as  to  the  location  and  nature 
of  the  A3  and  A2  transformations. 

Great  attention  has  been  given  to  the  details  of  experimental 
manipulation  and  to  the  preparation  of  the  samples,  as  it  was 
soon  f otmd  that  some  of  the  discrepancies  noted  in  the  work  of 
many  experimenters  may  be  traced  largely  to  lack  of  precautions 
which  we  have  found  essential. 

For  example,  to  anticipate  somewhat,  it  is  necessary  to  pro- 
vide a  suitable,  practically  gas-free  furnace,  the  heating  and 
cooUng  of  which  may  be  regulated  to  a  nicety;  to  reduce  to  a  mini- 
mum the  deforming  effects  on  the  cooling  and  heating  curves 
due  to  the  poor  conduction  of  the  sample,  it  must  be  of  a  form  and 
mass  to  pass  on  its  heat  rapidly  and  completely  to  the  thermo- 
couple; and  finally,  the  sample  itself  should  be  free  from  gases, 
which,  if  present,  further  mask  the  definiteness  of  the  heating  and 
cooUng  curves.    We  have  also  varied  within  wide  limits  the  sev* 
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eral  factors  which  may  influence  the  determination  of  the  exact 
location  and  shape  of  the  transformation  ranges,  especially  the 
mass  and  preparation  of  sample,  rate  of  heating  and  cooling, 
design  of  fmnace,  and  finally,  as  nearly  as  it  is  experimentally 
possible,  we  have  worked  with  a  substance  approaching  pure  iron, 
free  from  occluded  gases  and  other  impurities  and  contained  within 
a  vacuum. 

A  preliminary  notice  of  some  of  the  experiments  carried  out 
in  191 1  and  191 2  has  already  been  published,^  but  since  this  work 
the  experimental  method  has  been  greatly  improved  and  several 
newly  prepared  samples  investigated. 

The  methods  of  this  investigation  are  described  in  consider- 
able detail,  as  they  are  the  same  now  being  used  in  a  new  study 
of  the  iron-carbon  system  and  because  they  are  believed  to  be  of 
some  interest  in  themselves. 

THEORIES  OF  THE  ALLOTROFT  OF  mON 

Several  explanations  have  been  offered  for  the  existence  and 
nature  of  the  transformations  in  iron,  and  the  discussion  of  this 
subject  has  usually  been  linked  with  the  transformations  occuring 
in  the  iron-carbon  S3rstem.  For  the  consideration  of  fmre  iron, 
however,  it  seems  simpler  and  sufficient  to  forget  for  the  moment 
the  iron-carbon  S3rstem  which  has  no  more  relation  to  pure  iron 
than,  say,  the  iron-manganese  or  iron-sulphur  series  of  alloys. 
Furthermore,  if  there  were  agreement  as  to  the  facts  concerning 
these  transformations,  the  establishment  of  a  satisfactory  explana- 
tion in  terms  of  well-known  physicochemical  principles  should  not 
be  difficult.  But  we  are  in  the  presence  of  a  double  uncertainty, 
both  as  to  facts  and  as  to  theory.  Until  the  facts  are  well 
established  and  recognized  any  theory  can  be  at  best  only  a  working 
h3rpothesis. 

Briefly  stated,  the  current  hypotheses  regarding  the  A3  and  A2 
transformations  in  iron  are: 

1.  The  critical  points  A3  and  A2  divide  iron  sharply  into  three 
allotropic  forms,  7-iron  above  A3,  /3-iron  between  A3  and  A2, 
and  a-iron  below  Aa. 

2.  The  critical  point  A3  is  the  seat  of  an  allotropic  change, 
but  the  A2  point  is  not,  the  transformation  at  A2  being 
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mainly  with  the  loss  of  magnetism  which  is  accompanied  by  a 
small  thermal  change.  Hence,  there  is  no  fi-iran  according  to  this 
theory,  and  the  A2  transformation  may  be  abrupt  or  spread  over 
a  considerable  temperatme  interval  as  experiment  may  require 

3.  The  critical  range  A2  is  not  independ- 
ent of  A3  but  forms  a  part  of  the  A3  trans- 
formation. Here,  again,  we  have  no  /3- 
iron,  but  to  account  for  an  evolution  of 
heat  on  cooling  at  A2  requires  assumptions 
regarding  the  mutual  solubility  of  ^-iron 
in  a-iron,  and  even  the  simultaneous  ex- 
istence in  meta-stable  equilibrium  of  two 
kinds  of  molecules  of  the  same  substance. 
This  last  type  of  physicochemical  equi- 
hbrium  has  been  studied  both  theoretic- 
ally and  experimentally  by  Smits  for 
several  chemical  systems,  and  for  any  par- 
ticular case  may  be  verified  by  noting  the 
change  in  location  of  the  transformation 
temperatures  with  rate  of  cooling. 

Benedicks  has  put  forth  a  theory  of 
allotropy  in  which  the  allotropic  change 
may  be  of  several  types,*  as  illustrated  in 
Fig  I .  Applied  to  iron,  he  would  assign 
Tjrpe  Ha,  which  relegates  A2  to  the  end 
point  of  A3  or  the  temperature  at  which  7 
and  a  irons  cease  to  interact.  If  A2  can 
be  shown  to  be  constant  in  position  inde- 
pendently of  rate  of  cooling,  then  Smits' 
analysis  will  not  apply,  and  if  A2  persists 
in  magnitude  and  location  for  heating  and 
coolmg  through  the  A2  range  and  holding  the  sample  a  long  time 
below  A3  but  above  A2,  Benedicks's  hypothesis  becomes  of  little 
meaning. 

There  are  various  other  minor  modifications  of  the  above  three 
h3rpotheses,  all  of  which  have  been  useful  and  perhaps  none  of 
which  is  without  value  in  furnishing  some  part  of  a  satisfactory 
explanation  of  the  transformations  in  iron. 


TEMP.-* 


Fig.  1.— 7>^«  of  aSotropy 
{B€H€(Ucks,  Smits) 
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PREVIOUS  DBTBRIONATIONS  OF  Aa  AKD  A3  IN  IRON 

We  shall  pass  in  review  briefly  the  experimental  evidence  as  to 
the  existence  and  nature  of  transformations  in  iron  at  A2  and  A3, 
as  shown  from  observations  on  the  physical  properties  of  iron, 
including  dilatation,  electrical  and  magnetic  changes,  specific 
heat,  heat  evolution  and  absorption,  crystalline  structure,  and 
deformation  under  stress.  As  we  are  dealing  with  a  single  element, 
purely  chemical  changes  would  not  be  expected  to  shed  any  light 
on  the  question  of  such  transformations,  and  there  appear  to 
be  no  strictly  chemical  data  bearing  on  the  subject,  except  some 
inconclusive  work  on  the  dissolving  power  for  carbon. 

In  quoting  the  numerical  values  of  the  temperatures  assigned 
to  transformations  as  noted  by  the  several  observers  (see  Tables  i 
and  2),  it  should  be  borne  in  mind  that  there  are  considerable 
discrepancies  in  the  temperature  scales  used,  and  sometimes  the 
method  of  experimental  operation  leads  to  incorrect  temperatures 
of  the  phenomena  measured.  No  general  attempt  is  made  here 
to  correct  the  temperatures  as  given  by  the  several  observers,  as 
for  the  most  part  such  correction  would  be  extremely  tmcertain. 
This  uncertainty  is  further  enhanced  in  some  cases  by  the  impurity 
of  the  samples  of  iron  operated  upon. 

In  this  historical  summary  we  are  more  concerned  with  the 
qualitative  aspect  of  the  transformations — ^their  very  existence,  in 
fact — ^than  their  exact  location,  which  latter  we  believe  is  most 
exactly  defined  by  our  own  experiments. 

Critical  Ranges  as  Determined  by  Expansion, — Both  from  the 
work  of  Charpy  and  Grenet  and  of  Broniewski,  observations  on  the 
expansion  of  iron  give  no  indications  of  the  existence  of  A2.  The 
former  places  the  contraction  observed  as  lying  in  the  interval 
860®  to  890®  for  iron,  with  0.03  carbon,  while  the  latter  finds  it 
above  950®  for  electrol)rtic  iron. 

The  disagreement  is  here  great  enough  to  again  raise  the  ques- 
tion, as  was  done  by  Le  Chatelier  in  1899,  of  the  rate  and  other 
conditions  of  heating,  and  also  whether  the  sensibility  of  the 
methods  used  was  great  enough  to  detect  A2.  Even  its  non- 
existence, in  so  far  as  expansion  is  concerned,  would  prove  only 
that  iron  immediately  above  and  below  A2  has  the  same  coefiSdent 
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of  expansion,  or  simply  that  the  A2  transformation  is  unaccom- 
panied by  appreciable  change  in  volume — a  not  unreasonable 
p0!ssibility.  The  more  recent  experiments  of  Rosenhain  and 
Humfrey  would  appear  to  indicate  a  slight  volume  change  accom- 
panying A2. 

Critical  Ranges  by  Thermoelectric  Observations. — ^This  method  of 
operation  is  open  to  the  serious  objection,  for  the  exact  location 
and  description  of  critical  ranges,  that  the  iron  which  forms  one 
element  of  a  thermocouple  must  be  partly  in  a  hot  region  and 
partly  in  a  cold.  The  reactions  due  to  whatever  transformations 
take  place  will  be  progressive  along  the  iron  and  thereby  may 
mask  any  transformation  on  heating,  for  example,  after  the  one 
taking  place  at  the  lowest  temperature. 

Using  a  Fe-Cu  thermocouple,  Broniewski  finds  for  electrol)rtic 
iron  a  hazily  defined  point  of  inflexion  at  730®  and  another  at  950** 
on  heating  (or  at  850°  for  0.07  per  cent  carbon) ,  but  with  a  Fe-Pt 
couple  he  is  able  to  detect  only  the  point  at  1020^  which  Muller 
claims  is  due  to  hydrogen.  Both  Harrison  and  Belloc  fail  to  get 
any  thermoelectric  discontinuity  with  Fe  against  either  Cu  (Harri- 
son) or  Pt  (Belloc)  but  appear  to  find  a  maximum  for  the  curve 
of  thermoelectric  power  at  about  800®. 

Thus,  the  thermoelectric  data  on  the  critical  ranges  of  iron 
appear  to  be  meager  and  of  little  value,  and  the  thermoelectric 
method  can  not  register  transformations  sharply  except  with  an 
indefinitely  short  furnace,  or  one  having  no  appreciable  length 
between  the  inside  and  outside  temperatiues  along  the  iron 
sample. 

Critical  Ranges  in  Terms  of  Crystalline  Structure. — ^There  appears 
to  be  practical  unanimity  of  opinion  concerning  the  evidence 
offered  by  the  various  investigations  (Osmond  and  with  Cartaud, 
Carpenter  and  Stead,  Rosenhain  and  Humfrey,  and  others)  con- 
cerning the  existence  of  changes  of  crystalline  structure,  namely, 
that  the  A2  region  is  not  accompanied  by  any  appreciable  crystal- 
line change  while  the  A3  transformation  in  pure  iron  is  so  accom- 
panied. All  these  experiments  appear  to  show  there  is  no  oystal- 
lographic  difference  between  fi  and  a  iron,  although  there  does  not 
appear  as  yet  to  be  perfect  accord  as  to  the  nature  of  the  crystal* 
line  change  taking  place  at  A3. 
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Critical  Ranges  as  Detected  by  Mechanical  Methods. — The  study 
of  the  mechanical  properties  of  metals  at  high  temperattires  offers 
very  great  experimental  difficulties,  and  as  far  as  approximately 
pure  iron  is  concerned  the  only  experiments  which  shed  any  light 
on  the  detection  of  A2  and  A3  by  mechanical  means  are  those  of 
Rosenhain  and  Humfrey,  who  have  carried  out  two  series  of  meas- 
urements on  tensile  strengths,  the  first  of  a  more  qualitative 
nature  in  which  an  iron  99.76  pure,  containing  0.03  carbon,  was 
used,  and  the  second,  much  more  elaborate,  with  iron  containing 
0.1  per  cent  carbon.  Both  series  show  a  distinct  discontinuity  for 
the  A2  range  and  for  the  A3  range.     (See  Fig.  2.) 

Critical  Ranges  as  Given  by  Electrical  Resistance. — ^The  electrical 
resistance  of  approximately  pure  iron  at  high  temperatures  has 
been  studied  among  others  by  Le  Chatelier,  Hopkinson,  Morris, 
Boudouard,  Harrison,  A.  R.  Meyer,  and  Broniewski. 

The  observations  show,  when  plotted  as  resistance  (or  ratio  of 
resistance  hot  to  resistance  cold,  Rt/R^  against  temperature,  a 
continuous  curve  which  begins  to  inflect  at  temperatures  ranging 
from  700®  (A.  R,  Meyer)  to  800®  or  higher  (Le  Chatelier,  Hop- 
kinson).  At  about  900^  to  950^  the  curve  becomes  nearly  hori- 
zontal, as  found  by  all  observers,  and  according  to  Broniewski  has 
another  inflection  at  1020**,  This  observer,  however,  took  ob- 
servations with  the  iron  in  an  atmosphere  of  hydrogen,  but  Mflller 
has  shown  that  with  electrolytic  iron  a  critical  point  is  obtained 
thermally  in  this  region  only  until  the  hydrogen  is  removed  by 
successive  heatings. 

The  observations  of  Meyer  appear  to  have  been  taken  with 
considerable  care  on  very  pure  samples  of  iron,  and  when  plotted 
as  dR/dt  against  t  give  a  cusp  at  700^  and  are  strikingly  similar 
to  the  magnetic  susceptibility  curves  obtained  by  Curie  and 
others,  as  shown  in  Fig.  2.  The  observations  of  Morris,  who 
used  iron  99.92  pure,  give  a  sharp  maximum  for  dR/dt  at  765^, 
and  Somerville  gets  one  at  750^  with  an  undefined  "  iron,"  while 
Boudouard  finds  two  breaks  in  the  R:t  curve,  one  at  775^,  the 
other  at  885®. 

As  in  the  case  of  nickel  with  a  transition  point  in  the 
region  about  370^,  the  electrical  resistance  curve  appears  to 
anticipate,  as  it  were,  the  A2  transformation  for  iron,  which  as 
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measured  by  this  phenomenon  may  be  considered  as  starting 
some  60^  or  70^  below  the  maximum;  or,  in  Benedick's  nomen- 
clature, is  a  transformation  of  T3rpe  Ila.  The  observations  of 
Broniewski  also  show  a  second  inflection  (for  A3  ?)  at  about  950^1 
although,  if  present,  this  inflection  shotdd  have  been  detected  by 
Morris,  Meyer,  and  others. 

Critical  Ranges  a^  Determined  Magnetically. — Hopkinson,  using 
a  wrought  iron  containing  o.oi  per  cent  carbon  and  0.362  per 
cent  of  other  impurities,  mostly  slag,  finds  a  cusp  in  the  permeabil- 
ity curve  at  775**,  the  permeability  for  a  magnetizing  force  of  0.3 
falling  from  11  000  at  775®  to  i  at  785®.  With  a  mild  steel  con- 
taining 0.126  per  cent  carbon  and  0.244  Mn,  the  peak  is  at  730^ 
for  the  same  small  magnetizing  force. 

The  exhaustive  experiments  of  P.  Ctuie  show  that  the  intensity 
of  magnetization  (I)  is  markedly  dependent  upon  the  value  of 
the  magnetizing  force  (H)  for  iron  containing  only  0.04  per  cent 
carbon,  and  decreases  (for  all  values  of  H)  at  first  gradually  with 
rise  in  temperature  and  above  700^  with  increasing  rapidity, 
reaching  almost  to  zero  at  750^,  where  there  is  an  abrupt  turn  in 
the  I:T  curve.  Above  750^  the  I:T  curve  possesses  no  consider- 
able variations  tmtil  1280^  C.  The  magnetic  susceptibility 
k«I/H  (plotted  as  log  k:T  in  Pig.  2)  decreases  with  great  abrupt- 
ness at  about  750^,  although  the  decrease  in  k  begins  gradually 
from  below  625^  (high  values  of  H  decreasing  k  at  lower  tem- 
peratures than  low  values  of  H).  There  is  a  further  abrupt  drop 
in  k,  beginning  at  about  860^,  terminating  sharply  at  920^.  Terry, 
and  very  recently  Honda,  find  that  ferromagnetism  disappears  on 
heating  and  reappears  on  cooling  at  785^.  At  the  laboratories  of 
Schneider  &  Co.  the  loss  and  gain  of  magnetism  are  found  to  be 
associated  with  A2  at  about  770^. 

The  magnetic  behavior  of  iron  in  the  r^on  about  750^  ap- 
pears in  cdl  respects  simikr  to  the  behavior  of  other  ferromag- 
netic substances,  such  as  nickel,  cobalt,  and  magnetite,  in  the 
region  of  their  single  magnetic  transformation  points,  which  for 
these  substances,  it  is  of  importance  to  note,  are  also  transforma- 
tion regions  as  measured  by  other  ph3rsical  properties,  such  as 
electrical  resistance,  thermoelectricity,  and  thermal  or  calorimet- 
ric  effects. 
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This  last  is  well  shown  by  the  experiments  of  Weiss  and  his 
associates,  who  are  able  to  compute  from  pm-ely  magnetic  data 
obtained  at  higher  temperatures  the  transformation  points  by 
means  of  the  equation  k  (T— ^  *"Const.y  and  compare  them  with 
the  values  obtained  calorimetrically.  In  this  way  Weiss  and 
Beck  find: 
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Later  magnetic  observations  by  Weiss  and  Foex,  who  used  less 
than  0.5  g,  place  the  Curie  point,  0,  (■»  A2)  at  774®  for  electroljrtic 
iron,  divide  the  /8  region  into  two  parts,  /S^  and  /^,  and  locate  the 
transition  from  /^  to  7  iron  with  great  sharpness  at  920^. 

Magnetically  speaking,  therefore,  it  appears  reasonable  to 
claim  that  the  critical  range  A2  for  iron  is  strictly  similar  to  the 
transformation  taking  place  generally  in  ferromagnetic  sub- 
stances as  they  pass  over  into  the  feebly  magnetic  state.  In 
addition,  the  iron  undergoes  a  further  distinct  magnetic  modifica- 
tion accompanying  the  A3  transformation. 

Critical  Ranges  as  Determined  Calorimetrically. — ^There  have 
been  several  determinations  of  the  specific  heat  of  iron  at  high 
temperatures  but  for  most  of  them  in  the  range  700^  to  950^  the 
observations  are  not  closely  enough  spaced  to  locate  the  critical 
ranges  with  definiteness. 

Weiss  and  Beck  were  able  to  identify  the  Curie  point  computed 
from  magnetic  data  with  an  abrupt  change  in  the  specific  heat  of 
iron  at  about  755°  to  760°  (or  A2)  but  did  not  go  high  enough 
in  temperatures  to  reach  A3. 

Meuthen,  using  the  vacuum  furnace  and  calorimeter  of  Ober- 
hoffer,  has  been  able  to  locate  both  A2  and  A3  with  considerable 
exactness  for  iron  containing  0.06  per  cent  carbon,  in  terms  of  the 
specific  heat.  (See  Fig.  2.)  He  places  A2  at  770®  to  790®  and 
A3  at  880^  to  900^.  Also  A2  remains  constant  in  temperature  to 
the  point  O  in  Fig.  3. 


CrWt 


] 


Critical  Ranges  of  Pure  Iran 


325 


The  calorimetric  data,  therefore,  give  positive  evidence  of  the 
existence  of  As  for  iron  containing  about  0.06  carbon. 

From  Meuthen's  calorimetric  observations,  the  amount  of  heat 
evolved  at  A2  is  about  the  same  as  at  A3,  while  by  cooling  curve 
methods  all  observers  find  the  heat  effect  at  A3  at  least  three 
times  that  at  A2. 

Critical  ranges  from  heating  and  cooling  curves. — ^An  enormous 
amount  of  work  has  been  done  by  thermal  methods  on  the  loca- 
tion of  the  critical  ranges  of  steels  and  other  ferrous  allo3rs,  much 
of  which  is  very  contradictory.  This  is  discussed  at  length  in 
several  papers  and  especially  in  a  recent  one  by  Prof.  H.  M. 
Howe.*  While  some  light  may 
perhaps  be  thrown  on  the  posi- 
tion and  properties  of  A3  for 
pure  iron  from  an  examination 
of  the  behavior  of  impure  irons, 
for  the  A2  transformation  in 
pure  iron,  we  would  expect  to 
learn  little  or  nothing  from  a 
study  of  impure  iron,  on  account 
of  the  very  small  quantity  of 
heat  involved  in  the  transforma- 
tion, which  one  would  expect  to 
be  considerably  masked  or  atten- 
uated by  the  impurities  present. 

It  appears  to  be  a  remarkable 
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fact,  however,  that,  generally  speaking,  whenever  A2  is  detected 
at  all,  it  is  always  found  at  the  same  temperature,  whatever  the 
composition  of  the  iron  alloy.  For  example,  the  discussion  by 
Prof.  Howe  would  place  the  break  at  O  in  the  line  GOS,  Fig.  3,  at 
769^  C,  which  is  exactly  the  temperature  we  find  experimentally 
for  A2  maximum  in  pure  iron.  In  other  words,  the  A2  line  for  the 
Fe-<^  system  is  horizontal,  as  shown  by  practically  all  existing 
data,  and  the  A2  point  viewed  in  this  way  would  appear  to  have 
the  characteristics  of  a  Fe-C  eutectoid  with  the  possible  impor- 
tant if  not  crucial  exception,  of  which  we  do  not  appear  as  yet 
to  have  sufficient  experimental  proof,  that  the  quantity  of  heat 


•  H.  If.  Howe:  «0lioiMioii  of  tba  eadstliig  (Uta  m  to  the  podtion  of  Ao3/'  Tnms.  Am.  Inst  Mtadng 
Xncn.,4Cp.lOOO;i«iS. 
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involved  in  the  A2  transformation  does  not  vary  appreciably  with 
the  carbon  content  from  zero  to  0.48  per  cent.  This  constancy  of 
heat  of  transformation,  together  with  its  constancy  in  tempera- 
ture,  if  both  be  definitely  proved  by  using  a  pure  Fe-C  S}rstemf 
lend  force  to  the  idea  that  A2  is  a  transformation  independent  of 
the  carbon  present,  and  from  the  work  of  Moore  and  others  A2 
appears  to  be  independent  in  position  also  of  metallic  components. 

As  to  A3,  the  comprehensive  discussion  by  Prof.  Howe  leads  to 
an  equilibrium  temperature  Ae3  of  917^  for  pure  iron.  This 
temperature  A3  —  917^  also  satisfies  the  observations  of  practically 
all  recently  published  work  with  very  pure  iron. 

Returning  to  the  A2  range  in  pure  iron  and  its  location  by 
heating  and  cooling  curves,  we  are  confronted  by  considerable 
contradictory  evidence  as  to  its  existence,  location,  and  type, 
whether  possessing  one  or  two  cusps.  Prof.  Benedicks  ^  dis- 
cusses the  evidence  given  by  the  thermal  experiments  of  Osmond, 
Roberts-Austen,  Arnold,  and  others  and  gives  as  well  a  consise 
critical  stunmary  of  the  whole  subject  of  the  nature  of  A2  in  pure 
iron,  as  shown  by  experiment,  and  concludes  that  A2  is  not  an 
independent  transition  point  but  forms  a  part — a  tailing  off— of 
A3,  which  latter  is  taken  as  a  transformation  of  Type  Ila  (see 
Pig.  i)  and,  "according  to  this,  the  nature  of  the  fi4ron  is  to  be 
a-iron  containing  in  solution  a  limited  amount,  increasing  with 
temperature,  of  ^-iron." 

Since  Benedicks*s  publication  we  have  the  experiments  of  Car- 
penter, which  he  would  have  taken  as  verifying  Benedicks*s  (or 
Smits's)  theory ;  of  Guillet  and  Portevin,  who  appear  to  find  A2 
and  A3  as  distinct  transformations;  and  of  Broniewski,  whose 
results  are  ambiguous. 

Let  us  consider  the  experiments  of  Carpenter  more  closely. 
His  observations  of  1904,  taken  in  association  with  Mr.  Keeling 
on  iron  containing  o.oi  per  cent  carbon,  showed  Ar2  sharply 
defined  at  762^  and  Ar3  at  900^.  Carpenter's  observations  of 
1913,  using  iron  with  0.007  per  cent  carbon  or  of  a  carbon  content 
hardly  detectable  in  difference  from  his  iron  of  1904,  also  show 

«  C.  Bcnadloks:  "On  allotropy  In  fenanl  and  that  ol  Inn  in  parttoolar/'  JL  Iran  and  Staal  Inst.,Mb 
p.  MS;  1913. 
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Ar2  as  present  but  not  sharply  defined  and  ranging  from  768^  to 
741®,  while  Ac2  is  not  in  general  clearly  defined  by  his  curves 
except  as  a  swell.  The  main  differences  in  these  two  series  appear 
to  be  that  solid,  rolled  cylinders  of  iron  five-eighths  by  five-eighths 
inch  were  used  in  the  earlier,  while  in  the  later  sheets  of  dec- 
trol}rtic  iron  o.oi  inch  in  thickness  were  rolled  into  a  cylinder 
weighing  42  g.  The  curves  differ  in  the  main,  as  one  would  expect, 
the  poorer  conductivity  and  the  presence  of  gases  in  the  wound-up 
sheets  of  otherwise  untreated  electrolytic  iron,  producing  a 
flattening  out,  distortion,  and  displacement  of  the  critical  regions, 
especially  of  the  feebler  A2.  Similar  remarks  apply  to  the  recent 
experiments  of  Honda,  who  tised  iron  cylinders  3.25  cm  long,  and 
concludes  that  A2  is  not  sharply  defined. 

Several  expenmenters,  notably  Arnold,  insist  that  A2  has  a 
double  cusp  for  pure  iron,  while  it  would  appear  from  the  work 
of  several  others,  notably  Carpenter  and  also  Rosenhain,  that  A2 
is  erratic,  sometimes  showing  a  double  and  sometimes  a  single 
cusp. 

Considering  all  the  hitherto  available  data,  there  can  be  hardly 
any  doubt  that  thermally  there  is  a  critical  range  for  pure  iron 
in  the  neighborhood  of  770^  (A2) ;  but  whether  this  be  separate 
from  the  higher  critical  range  near  900^  (A3)  and  whether  it  (A2) 
be  single  or  double  cusped,  the  existing  thermal  observations  do 
not  prove  conclusively,  but  a  fair  inference  would  be  that  A2  is 
single  and  independent  of  A3. 

35265^—14 a 
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TABLE  1 
Thermal  Mayima  of  Critical  Ranges  of  Pure  Iron  by  Various  Observers 


ObCUTOT 

I>ate 

CaifMB  on&tml» 
per  cant 

Iran 
content 
bydii- 
laianca 

Ac2 

Ar2 

Ag3 

Ai3 

.— 

'^'r-imil 

1887 

1891 
1894 

1895 

1903 

1899 
1904 

1907 
1909 

1909 
1910 

1913 

1913 

1913 

750 

(») 
740 
730 
731 
730 
730 
780 
762 

764 

to 
7S9 
763 

763 

860 
865 
903 
935 
885 
90S 

910 

to 
917 
917 

941 

890 

895 
854 
840 
860 
900 
860 
880 
900 

888 

to 
875 
894 

904 

Ai^j  fiofwfjvffii   nwi 

Bobafto^oitaii 

aoo7 

.003 
.007 
.009 

{                   ^* 
I                 .05 

MadwtytfcFa 

.01 

855.   TwanmiBt 

AmoM 

99.967 

99.803 

99.89 
99.803 

99.66 

740 
740 
744 
775 
755 
800 

691 

to 

763 

770 

770 

AfStodanbla. 

Ctatmr.  ■  ■  .  ....  ^ . . 

Ctattfsr  and  Orani 

Cupantar  and  KmI- 

I'^IKdHi iiii. 

A.MIUler 

.017 

.029 

Fa    «'Kalil- 
bauB.** 

.008 

jfat  dalactad. 

Fa    •'Kahl- 
banm.'* 

23    abaaifaUona    fti 

fray. 
S.  CalTar-Olaoatt. . . . 

mem,  all  acreaing 
fatydoaaiy. 

A2tod0Bbla. 

H«  C»  H*  Caipaotar. . . 

Gttillat  and  Partavln.. 
Honda. 

99.967 
99.96 

J      791 

1      788 

795 

768 

to 

741 

778 
778 
787 

902 

to 

938 

937 
932 
933 

898 

to 

886 

902 
902 
915 

Afi2  naC  dalaetod;  8 

aamplaa  «(  aasM 

analyato;    10    ab- 

aacvatlooa. 

AadapoaitodlBtoctia- 

Annaalad     |    lytic 

Summary  of  previous  determinations  of  A3  and  A  2  in  pure  iron, — 
Without  for  the  moment  considering  any  theory  concerning  the 
meaning  of  the  transformations  in  pure  iron,  let  us  consider  what 
is  the  present  experimental  basis  for  the  existence  of  A2  and  A3, 
either  as  separate  or  associated  transformations. 

A  summary  of  most  of  the  experiments  that  have  been  made 
is  given  in  Tables  i  and  2 ;  the  former  includes  only  heating  and 
cooling  curve  methods  and  the  latter  all  others.  These  tables, 
taken  in  connection  with  the  preceding  paragraphs,  show  that 
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there  is  overwhelming  evidence  for  a  discontinuity  in  properties 
of  pure  iron  for  the  intervals  of  temperatures  roughly  defined  as 
700®  to  780®  and  850®  to  950®,  or  corresponding  to  the  critical 
ranges  A2  and  A3.     (See  also  Fig.  2.) 

TABLE  2 

Critical  Ranges  in  Pure  Iron  by  Other  than  Cooling  Curve  Methods 
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The  existence  of  A3  is  not  open  to  question,  it  having  been 
readily  located  by  practically  all  methods  of  ph3r5ical  anal3r5is, 
with  the  possible  exception  of  electric  resistance  and  thermo- 
electricity for  which  any  discontinuity  is  not  well  defined.  The 
magnetic  change  is  also  small,  but  abrupt  and  unmistakable.  The 
thermal  observations,  which  give  the  sharpest  definition  of  A3, 
show  that  the  maximum  of  Ar3  is  alwasrs  lower  in  temperature 
than  that  of  AC3. 

Controversy  has  raged  for  a  quarter  century  not  only  about  the 
nature  and  extent  but  as  to  the  very  existence  of  A2,  which  has, 
however,  been  generally  identified  with  the  loss  of  ferromagnetism 
in  iron.  The  point  of  inflection  of  the  electrical  resistance  curve 
appears  to  be  associated  with  the  A2  region,  as  well  as  an  abrupt 
change  in  specific  heat  of  the  same  magnitude  as  at  A3.  The  ther- 
moelectric effect  appears  not  less  uncertain  than  at  A3 ;  there  is  a 
small  but  an  abrupt  change  in  tensile  strength  at  A2;  and  there 
is  a  small  thermal  effect  on  heating  and  cooling  which  appears 
to  remain  at  a  constant  temperature  for  the  addition  of  carbon 
or  metallic  components  in  considerable  quantities.  Apparently 
the  only  phenomenon  studied,  which  has  hitherto  always  given 
negative  results  for  A2,  is  oystalline  structure. 

Most,  although  not  all,  of  the  phenomena  appear  to  indicate 
that  A2  differs  fron  A3,  in  that  for  the  latter  the  transformation  is 
abrupt,  taking  place  at  a  higher  temperature  with  ascending  tem- 
perature than  with  descending,  while  for  the  former,  the  trans- 
formation is  more  gradual  (of  Type  II  a.  Fig.  i),  but  has  the  same 
location  of  maximum  on  heating  and  cooling.  That  A2  and  A3 
are  parts  of  a  single  transformation,  A2  being  subordinated  to  A3, 
is  a  conclusion  to  be  drawn  with  some  difficulty  from  the  data, 
and  as  pointed  out  by  Guertler  it  is  difficult  to  construct  any  plaus- 
ible physicochemical  theory  which  would  admit  of  a  distinct  heat 
evolution  at  A2  and  still  have  A2  a  part  of  the  A3  transformation, 
for  ''the  end  point  is  never  marked  by  a  sudden  evolution  of  a 
new  and  constant  thermal  effect  at  a  given  temperature.*' 

THE  PRESENT  INVBSTIOATION 

The  object  of  the  present  investigation  is  to  determinet  with 
several  samples  of  pure  iron  of  different  sizes,  prepared  by  various 
methods,  the  exact  location  and  nature  of  the  A2  and  A3  ranges, 
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using  the  most  refined  methods  of  thennal  analysis  and  keeping 
the  samples  free  from  the  masking  influences  of  occluded  gases. 
Experimental  Method. — ^Two  methods  of  taking  heating  and 
cooling  curves  have  been  used  simultaneously  on  the  same  sample; 
one,  the  inverse-rate  method  of  Osmond  in  which  the  times  re- 
quired for  the  specimen  to  rise  or  fall  successive,  equal  temper- 
ature intervals  are  noted  in  terms  of  the  temperature  or  (dt/dd 
vs  0) ;  the  other,  the  derived  differential  method  of  Rosenhain,  in 
which  the  observations  are  taken  by  the  differential  method  of 
Roberts- Austen,  using  a  ''neutral"  of  platinum,^  and  in  which 
for  equal  decrements  or  increments  of  temperature  the  difference 
in  temperature  between  specimen  and  neutral  is  taken  in  terms 
of  the  temperature  of  the  specimen  {0 —0'vsff)  for  J0  ■=  const. 
The  results  so  obtained  by  the  differential  method  are  trans- 
formed into  the  derived  differential  curve  by  the  operation  of 
dividing  the  differences  0—0'  for  each  temperature  interval  J0 
by  this  interval  and  plotting  in  terms  of  0^  or  giving: 

These  two  methods  of  thermal  analysis  supplement  each  other 
most  excellently  as  each  is  subject  to  different  disturbing  effects; 
and  although  obtained  by  totally  different  operations,  the  result- 
ing heating  or  cooling  curves  are  strictly  similar,  except  for  cer- 
tain minor  details  which  we  shall  mention  later.  To  operate  both 
methods  simultaneously  requires  no  more  apparatus  or  observers 
than  the  differential  method  alone,  although'  in  this  latter  case  the 
chronograph  may,  less  conveniently,  be  replaced  by  any  sufll- 
ciently  exact  timepiece.  It  is  preferable  to  have  two  observers^ 
although  this  is  not  essential. 

The  inverse-rate  method  is  subject  to  error,  due  to  drafts,  sud- 
den changes  in  current  feeding  the  furnace,  or  any  cause  which 
may  impress  upon  the  specimen  thermal  changes  not  proper  to  it. 
Inversion  of  dtidd  at  recalescence,  or  an  actual  increase  of  tem- 
perattu-e  on  cooling,  is  not  readily  expressible  by  other  than  a 
horizontal  line  in  the  plot;  this  weakness  of  analysis  is  of  minor 
import,  however,  as  the  data  on  which  the  inverse-rate  curve  is 

*  For  a  detailed  description  of  the  methods  of  taking  cooUnc  cnivcs,  see  G.  K.  Burgess,  Reprint  99,  Bull. 
Bur.  Standards.  X909> 
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based  give,  nevertheless,  very  sharply  the  beginning,  maximiim, 
end,  and  also,  when  present,  the  elevation  in  temperature  accom- 
panying a  transformation.  This  last  effect,  of  course,  only  accom- 
panies a  violent  evolution  of  heat  and  is  of  no  interest  here. 

The  derived  differential  method  is  less  subject  to  error  due  to 
extraneous  influences;  recalescence  can  not  be  any  more  readily 
expressed  by  this  method  of  plotting  than  the  other.  The  pres- 
ence and  properties  of  a  neutral  free  from  transition  ranges,  as  is 
platinum,  have  no  appreciable  effect  on  the  location  of  the  critical 
points  of  a  substance  such  as  iron. 

Arrangement  of  the  Apparatus. — ^The  general  appearance  and 
arrangement  of  the  apparatus  is  shown  in  Plate  I,  and  a  schematic 
diagram.  Fig.  4,  gives  the  layout  of  connections. 

Measurement  of  Temperature. — ^For  this  purpose  thermocouples 
were  used  connected  to  a  five-dial,  low-resistance  potentiometer 
designed  to  be  free  from  thermal  electromotive  forces,  of  the 
Diesselhorst  type  as  constructed  by  Otto  Wolff. 

The  moving  coil  galvanometer  (from  Leeds  &  Northrup)  used 
with  the  potentiometer  had  a  constant  sensibility  for  all  parts  of 
the  range  of  the  potentiometer  as  used,  and  gave  when  critically 
damped  a  deflection  of  25  nun  on  scale  and  telescope  at  2  meters 
for  each  20  microvolts  of  emf  of  the  thermocouple.  As  used,  it 
had  a  resistance  of  57  ohms  and  a  period  of  two  seconds.  This 
sensibility,  which  was  ample,  could  have  been  increased  if  neces- 
sary. The  zero  shift  was  not  troublesome  and  the  instrument  was 
glass  inclosed,  reducing  temperature  inequalities.  The  method  of 
operation,  whether  for  calibration,  inverse  rate,  or  differential 
curves,  was  to  note  times,  preferably  on  the  chronograph,  and  this 
invariably,  when  taking  inverse-rate  curves,  every  time  the  zero 
of  the  scale  passed  the  cross  hair  of  the  telescope;  the  dial  of  the 
potentiometer  was  then  turned,  say,  two  steps,  corresponding  to 
about  2^,  throwing  the  zero  of  the  scale  back  about  25  mm,  and 
the  operation  repeated  indefinitely.  The  sensibility  is  about 
o.oi  ®  with  the  Pt,  Pt-Rh  thermocouples. 

Measurement  of  Time. — ^Por  recording  the  time  measurements 
necessary  for  the  inverse-rate  method  and  convenient  with  the 
calibration  of  the  couples  and  with  the  differential  methods 
use  was  made  of  a  cylindrical,  motor-driven  Geneva  chronograph 
together  with  a  telegraph  key  which,  when  depressed,  gave  a  dash 
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on  the  chronograph  sheet  easily  distinguishable  from  the  seconds 
marked  on  the  same  sheet  with  the  same  pen  when  actuated 
through  a  relay  by  a  standard  clock  situated  in  a  distant  constant- 
temperature  room.  The  time  observations  were  easily  obtained 
to  o.  I  second. 

Thermocouples. — In  some  of  the  preliminary  work  various 
thermocouples  of  0.6  mm  diameter  were  used,  but  the  later  more 
reliable  measurements  were  all  taken  with  three  Heraeus  0.4  mm  X 
150  cm  thermocouples  of  platinum,  90  platinum-io  rhodium, 
marked  M|,  M,,  and  M,,  and  all  cut  off  the  same  batch  of  wire. 
These  couples  were  frequently  interchanged  during  the  investiga- 
tion. A  differential  thermocouple,  M4,  for  measuring  the  differ- 
ence in  temperature  between  the  iron  sample  and  the  platinum 
neutral,  was  made  by  fusing  a  length  of  45  mm  of  90  Pt-io  Ir 
wire  between  two  lengths  of  platinum  wire  of  the  same  grade 
as  in  the  temperature-measuring  couples.  The  cold  junctions  of 
all  thermocouples  were  always  kept  at  o^  in  a  suitable  ice  box. 
(See  Fig.  4.) 

Temperature    Scale    and    Calibration    of    Thermocouples, — ^The 

temperattu-e  scale  used  is  that  defined  by  the  freezing  points  of  the 

following  pin-e  metals : 

•c 

Zinc 419. 3 

Antimony 63a  o 

Silver 96a  o 

Copper 1083.  o 

The  calibration  of  the  thermocouples  was  carried  out  as  follows: 
The  metals  were  melted  in  crucibles  14  cm  deep  of  Acheson 
graphite  of  about  300  cc  capacity  in  an  Heraeus  electric  resistance 
furnace  wound  with  platintun  foil.  The  thermocouples  while 
immersed  in  the  metal  were  protected  by  out-glazed  Berlin 
porcelain  tubes  of  about  5  mm  diameter.  Both  freezing  and 
melting  points  were  taken  several  times  for  a  first  calibration,  and 
the  couples  were  occasionally  checked  at  the  silver  point  during 
the  progress  of  the  investigation  and  recalibrated  at  the  close, 
when  they  showed  no  appreciable  change.  All  (M|,  M„  MJ 
satisfied  the  same  equation  between  400^  and  iioo^  C,  namely, 

emf-  — 313.8 +8.259t+o.ooi666t* 

t^-o 
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where  emf  is  expressed  in  microvolts 
and  £  is  temperature  centigrade.  AH 
thermocouple  wires  were  electrically 
annealed  at  about  1400°  C  before 
using. 

It  is  interesting  to  note  the  excel- 
lent behavior  of  these  thermocouples 
in  direct  contact  with  iron.  The  fact 
that  there  was  practically  no  oxida- 
tion of  the  iron  together  with  the 
fact  that  the  metals  were  always  in  a 
vacuum  of  the  order  of  0.01  mm  Hg 
probably  accounts  fortius  constancy. 

Mounting  of  Thermocouples. — One 
junction  of  the  differential  couple 
together  with  the  hot  junction  of  the 
temperature  measuring  couple  were  ^ 
inserted  in  the  iron  specimen  under  ^  ^ 
observation  and  the  other  differential  ?  I] 
junction,  which  was  about  4.5  cm  % 
away,  was  inclosed  within  the  neu- 
tral, a  platinum  cylinder  weighii^ 
98  g.  The  bare  wires  were  in  direct 
contact  with  the  iron,  and  in  fact 
when  very  small  samples  were  used, 
as  the  o.  7-g  sample  of  iron  from  Prof. 
Carpenter,  the  iron  was  hammered 
onto  the  couples.  The  sketch.  Fig,  5, 
gives  an  idea  of  the  arrangement 
when  small  cylinders  (lo  to  30  g) 
were  used. 

Differential  Measurements. — ^The 
differential  couple  was  connected  di- 
rectly to  a  Siemens  &  Halske  moving 
coil  galvanometer  of  200  ohms  resist- 
ance. Deflections  were  read  by 
means  of  a  telescope  and  scale  2.5  m 

distant.    As  connected,  the  galvanometer  gave  a  deflection  of  60  mm 
for  100  microvolts,  corresponding  to  a  sensitiveness  of  nearly  o.oi* 
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with  the  Pt-Ir  couple  used.  This  was  ample,  and  there  would  have 
been  no  advantage  in  increasing  this  sensitiveness,  as  could  easily 
have  been  done  fourfold  by  changing  the  galvanometer  connections. 

Furnace  and  Accessories. — ^The  furnace,  shown  in  Fig.  5,  was 
constructed  in  the  laboratory  and  consists  essentially  of  four  con- 
centric tubes,  three  of  Berlin  porcelain  and  an  outer  one  of 
iron  backed  with  a  one-eighth  inch  layer  of  asbestos.  The  inner- 
most tube,  which  carries  the  specimens  under  study,  is  glazed  both 
inside  and  out,  so  as  to  hold  a  vacuum,  and  extends  beyond  the 
furnace  to  receive  seals  of  hard  wax  and  metal  for  pump  and 
thermocouple.  There  was  no  trouble  in  holding  a  vacuum  of 
o.oi  mm  Hg  up  to  a  temperature  of  1050^.  The  two  unglazed 
porcelain  tubes  each  carry  a  separate  heating  coil  of  platinmn  foil 
2  cm  wide  by  o.ooi  cm  thick.  In  some  of  the  preliminary  work 
a  furnace  was  used  in  which  a  single  heating  coil  was  wound 
directly  on  the  glazed  tube  carrying  the  specimen.  This  earlier 
arrangement  is  less  satisfactory  than  the  one  above  described  since 
the  tube  deteriorates  sooner,  and  the  uniformity  of  temperature 
is  less  well  maintained.  As  will  be  noted,  the  furnace  is  provided 
with  no  other  insulation  than  these  concentric  tubes,  thus  permit- 
ting, when  desired,  the  use  of  faster  rates  of  cooling  and  reaching 
more  conveniently  lower  temperatures  than  when  the  furnace  is 
packed  with  insulating  material. 

With  the  construction  described  there  was  no  trouble  whatever 
from  drafts.  The  furnace  was  tested  for  freedom  from  critical 
ranges  by  taking  several  blank  series  of  heating  and  cooling  curve 
observations,  using  the  usual  platinum  neutral  and  replacing  the 
iron  specimen  with  a  cylinder  of  palladium.  Some  of  these  blanks 
are  shown  in  Plate  VIII. 

The  vacuum  pump  used  is  a  two-cylinder  motor-driven  Geryk 
pump  kept  in  condition  to  maintain  a  vacuum  of  o.oi  mm  Hg  in 
the  furnace  as  meastu-ed  with  a  mercury  gauge  and  provided  with 
drying  tubes  of  phosphorus  pentoxide. 

The  energy  supply  for  heating  the  furnace  was  furnished  by  a 
5-kw  Siemens-Schuckert  motor-generator  set  delivering  alter- 
nating current  to  the  furnace  and  operated  on  a  240-volt  storage 
battery  circuit.  Two  of  the  three  phases  generated  by  the  alter- 
nator were  used  at  a  voltage  which  could  be  set  anywhere  between 
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50  and  170  volts.  This  somewhat  elaborate  arrangement  was 
found  to  be  highly  desirable,  when,  as  here,  one  is  seddng  minute 
thermal  effects  and  every  extraneous  cause  of  variation  in  the  rate 
of  heating  or  cooling  of  the  sample  must  be  eliminated.  There  are 
two  further  advantages  gained  by  using  alternating  current 
instead  of  direct  for  heating  the  ftunace;  it  permits  use  of  a  liquid 
rheostat  without  polarization  or  electrolysis,  and  it  eliminates  any 
magnetic  field  about  the  iron  sample.  This  last,  if  present,  might 
conceivably  influence  the  magnetic  transformation  in  iron. 

The  rheostat,  Fig.  6,  deserves  special  mention,  as  it  was  specially 
designed  to  give  automatically  a  constant  rate  of  heating  and 
cooling,  variable  at  will  within  wide  limits.  In  addition  to  the 
salt-water  rheostat,  wire  rheostats  were  placed  in  the  heating 
circuit. 

It  consisted  of  a  cypress  box  of  two  compartments,  each  meastu-- 
ing  30  cm  by  35  cm  by  35  cm,  in  each  of  which  were  two  copper 
plates  (35  cm  by  26  cm) ,  placed  30  cm  apart  at  the  bottom  and  i 
cm  apart  at  the  top.  A  metal  box  through  which  cold  water  was 
circulated  for  the  purpose  of  keeping  the  salt  water  cool  was  placed 
on  each  side  of  the  partition.  The  outside  copper  plate  in  each  com- 
partment besides  performing  its  functions  as  an  electrode  also  formed 
one  side  of  a  wedge  which  opened  at  the  top  and  could  be  filled  with 
water  before  starting  a  run.  This  was  done  to  cause  the  water 
which  was  fed  at  a  constant  rate  from  a  Mariotte  bottle  to  rise 
between  the  copper  plates  at  a  faster  rate  as  the  temperature  of  the 
furnace  increased,  thus  overcoming  the  greater  radiation  losses 
to  which  the  furnace  is  subjected  at  the  higher  temperatures  and 
thereby  giving  a  very  constant  rate  over  the  whole  range. 

When  taking  cooling  curves  the  water  in  the  wedges  was  kept  at 
the  same  level  as  the  water  in  the  compartment  by  connecting  the 
two  with  a  siphon;  thus  all  the  water  was  siphoned  off  at  the  same 
rate.  A  series  of  brass  outlets  were  constructed  and  calibrated  for 
this  rheostat  which  gave  a  series  of  definite  times  of  heating  or 
cooling  of  the  furnace,  ranging  from  a  few  minutes  to  several  hoturs. 

THE  MATERIALS  mVBSTIGATBI) 

Sources  of  Iron. — It  was  considered  worth  while  to  examine 
the  thermal  behavior  of  several  samples  of  pure  iron  prepared  by 
different  methods  and  subjected  to  various  preliminary  treatments. 
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We  are  indebted  to  Prof.  C.  F.  Burgess,  of  Wisconsin,  who  furnished 
three  samples  of  his  electrolytic  iron  in  the  form  of  cathode  plates 
together  with  an  analsrsis;  to  Messrs.  H.  Goldschmidt  and  Cuntz, 
who  furnished  electrode  plates  and  an  analysis  of  iron  obtained 
from  the  German  firm  of  Langheim-Pfanhauser;  to  Prof.  H.  C.  H. 
Carpenter,  of  Manchester,  England,  who  kindly  sent  us  some  of  the 
electrolytic  iron  he  had  used  in  his  experiments  on  the  critical 
ranges  in  ptu-e  iron,  and  which  had  been  analyzed  by  Prof.  J.  E. 
Stead.  Several  samples  of  electrolytic  iron  were  also  prepared 
for  this  investigation  at  the  Bureau  of  Standards  by  Messrs. 
Cain  and  Cleaves  using  a  method  which  is  to  be  described  elsewhere. 
There  is  also  included  a  sample  of  "  ingot  iron  "  for  which  we  are 
indebted  to  the  American  RoUing  Mill  Co.,  of  Middletown,  Ohio. 

Preparation  and  Description  of  Samples. — The  samples  were  pre- 
pared for  taking  heating  and  cooling  curves  by  cleaning  with  alco- 
hol and  ether.  In  the  case  of  the  untreated  electrolytic  irons  of 
C.  F.  Burgess  and  Langheim-Pfanhauser  the  samples  i,  16,  17, 
and  26a,  in  the  form  of  plates  one-^ghth  to  one-fourth  inch 
thick,  were  bored  out  to  receive  the  thermocouples.  Some  pre- 
liminary but  less  satisfactory  measurements  were  made  with  small 
pieces  packed  about  the  thermocouples  and  within  a  thin-walled 
platinum  cylinder  of  3.5  cm  length  and  1.5  cm  diameter.  With 
this  last  arrangement  the  transition  points  were  not  always  very 
sharply  defined,  due  apparently  to  a  progression  of  the  reaction 
from  one  piece  to  another. 

The  first  and  often  several  of  the  succeeding  curves  taken  with 
untreated  electrolytic  plates  which  are  known  to  be  heavily  charged 
with  gas,  especially  hydrogen,  was  erratic,  an  effect  due  for  the 
most  part  to  the  presence  of  these  gases  within  the  sample,  pro- 
ducing parasitic  evolutions  and  absorptions  of  heat.  (See  PL 
XI.)    This  gas  effect  has  been  noticed  by  other  observers. 

To  obviate  this  troublesome  effect  it  was  decided  to  melt  some 
of  the  samples  of  iron  before  taking  the  heating  and  cooling  curves, 
which  melting  was  carried  out  successfully  both  in  a  vacuum  elec- 
tric furnace  and  in  gas-fed  furnaces.  This  melting  of  iron,  pro- 
vided contamination  from  crucible  or  furnace  atmosphere  is 
avoided,  has  the  great  advantage  of  further  purifying  the  iron  by 


340  BuUettn  of  the  Bureau  of  Standards  [Vol  » 

the  removal  of  all  or  nearly  all  of  the  contained  gases.  Electro- 
lytic iron,  for  example,  bubbles  very  violently  on  first  melting  in 
vacuo,  showing  that  a  considerable  quantity  of  gas  remains  oc- 
cluded to  the  temperature  of  fusion  and  is  only  removed  by  melt- 
ing the  iron.  Melting  in  vacuo,  as  is  shown  for  samples  25  and 
26,  as  compared  with  i  and  26a,  Table  3,  appears  also  to  lower 
the  already  very  small  carbon  content  of  the  iron  to  almost  noth- 
ing, again  increasing  the  purity  with  respect  to  the  most  undesira- 
ble element,  carbon.  Finally,  electrolytic  iron,  which  has  been 
melted  either  in  vacuo  or  in  gas  furnaces,  possesses  a  sharply 
defined  heating  curve  the  first  time  such  iron  is  reheated,  so  that 
a  very  troublesome  sotu-ce  of  uncertainty  is  removed  by  this  melt- 
ing. That  the  presence  of  gases  in  the  iron  has  a  considerable 
effect  on  the  location  and  range  of  the  critical  ranges  is  also  shown 
in  later  paragraphs. 

For  all  these  reasons  it  appeared  to  us  desirable,  when  making 
a  thermal  study  of  iron  and  its  alloys  which  occlude  or  contain 
gases,  to  remove  these  gases  by  a  previous  melting  of  the  metal, 
preferably  in  vacuo. 

There  was  considerable  range  in  mass  (0.7  to  35  g)  from  one 
sample  to  another  used  in  taking  heating  and  cooling  curves,  as  is 
shown  in  Tables  4  and  6.  It  is  our  experience  that  it  is  advanta- 
geous to  work  with  as  small  samples  as  the  precision  of  the  expe- 
rimental method  will  permit  when  it  is  desired  to  locate  the  exact 
temperatures  of  the  critical  ranges  of  the  material.  The  appar- 
ent advantage  to  be  gained  with  larger  samples,  which  absorb  or 
set  free  greater  quantities  of  heat,  appears  to  be  more  than  offset 
by  the  conductivity  of  the  larger  sample  not  being  sufficient  to 
transmit  promptly  enough  the  heat  generated  to  the  thermo- 
metric  device.  If  there  is  nonunif  ormity  of  temperature  through- 
out the  sample,  this  effect  is  enhanced,  and  a  phenomenon  which 
really  takes  place  at  a  single  temperature  will  then  appear  to  be 
spread  over  a  range  of  temperatures. 

We  believe  this  spreading  and  attenuation  of  the  reaction  is  a 
principal  reason  why  Prof.  Carpenter  was  not  able  to  detect  Ac2 
with  certainty  when  using  42  g  of  metal  in  the  form  of  a  thin 
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sheet  coiled  into  a  cylinder,  while  with  only  0.7  g  of  his  iron  we 
were  able  to  locate  Ac2  with  great  sharpness.     (See  PI.  VI.) 

For  melting  in  vacuo  the  Arsem  furnace  was  used,  the  iron  be- 
ing contained  in  a  crucible  of  pure  magnesia  placed  within  a  tube 
of  Marquardt  porcelain.  For  melting  in  the  gas  furnace  covered 
clay  crucibles  brasqued  with  pure  fused  magnesia  were  used. 

Chemical  analyses. — The  chemical  analyses  of  the  different 
preparations  of  iron  used  are  shown  in  Table  3,  including  men- 
tion of  who  furnished  the  analyses.  Those  at  the  Bureau  of  Stand- 
ards were  made  by  Messrs.  Cain,  Cleaves,  Tucker,  and  Witmer. 
In  all  cases  the  analyses  were  made  of  the  metal  in  the  condition 
stated  in  the  coltunn  headed  ''Description,''  and  the  pieces  for 
analysis  were  cut  from  the  cylinder  or  plate  used  for  taking  the 
heating  and  cooling  curves.  It  will  be  noted  that  the  purest  iron 
is  99.983  Fe,  obtained  by  remelting  electrolytic  iron  in  vacuo  in 
magnesia  crucibles.  The  two  samples  remelted  in  vacuo  are  also 
the  lowest  in  carbon  content,  0.003  ^"id  o.ooi  per  cent,  respec- 
tively. The  average  carbon  content  of  all  samples  is  0.009  and 
the  range  o.ooi  to  0.015.  It  is  of  interest  to  note  that  with  the 
exception  of  the  Mn  and  Cu  contents,  the  "ingot  iron"  is  nearly 
as  pure  as  the  average  of  the  electrolytic  irons. 

Where  there  are  check  analyses  by  different  chemists,  and  in 
the  case  of  the  carbon  determinations  by  different  methods,  when 
one  considers  the  difficulty  of  exact  determination  of  such  small 
quantities  of  impurity,  the  agreement  is  extremely  satisfactory, 
and  in  most  cases  may  well  be  within  the  degree  of  homogeneity 
of  the  samples.  None  of  the  samples  was  analyzed  for  oxides,  but 
their  amount,  if  present,  must  be  very  small. 
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BXPERIMBNTAL  DATA 


We  have  divided  the  data  into  two  chronological  portions: 
I.  A  preliminary  series  of  observations  carried  out  with  a  fur- 
nace and  rheostat  of  somewhat  less  satisfactory  form  than  that 
of  Figs.  5  and  6,  with  less  precautions  for  holding  a  good  vacuum 
and  steady  current,  and  in  part  with  the  iron  samples  in  a  less 
concentrated  form;  nor  was  the  thermocouple  calibration  as  care- 
fully checked  in  all  cases.  These  preliminary  observations,  al- 
though we  do  not  place  the  reliance  on  all  of  them,  for  the  exact 
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location  of  temperatures  that  we  do  on  the  definite  series,  are, 
nevertheless,  quite  instructive  in  showing  some  of  the  things  that 
should  be  avoided  in  the  exact  thermal  anal3rsis  of  a  substance 
ooduding  gases,  and  also  fiunish  data  for  discussing  the  effects 
of  varying  some  of  the  factors  that  influence  the  location  of  the 
critical  ranges. 

2.  The  definite  series  of  observations  were  then  carried  out 
with  all  the  precautions  and  improvements  in  method  and  manip- 
ulation our  preliminary  measurements  had  shown  to  be  neces- 
sary; it  is  on  this  definite  series,  together  with  the  last  two  of  the 
preliminary  series,  that  we  mainly  base  otu-  conclusions  r^arding 
the  allotropy  of  iron  as  shown  by  thermal  analysis. 

In  all  cases,  attention  shotdd  be  given  mainly  to  the  location 
of  the  maxima  of  the  critical  ranges,  as  the  beginnings  and  end- 
ings, especially  the  former,  on  heating  are,  in  general,  not  to  be 
located  with  exactness. 

Preliminary  observations  have  already  been  reported  on  briefly, 
but  are  here  included  in  full  for  the  sake  of  completeness.  (See 
Table  4.)  The  numerical  values  here  given  are  in  some  cases 
slightly  different  from  those  previously  published,  due  to  some 
of  the  indications  of  one  of  the  thermocouples  needing  correction. 
Three  Pt-Rh.  thermocouples,  Ci,  W^,  and  W^,  were  used  in  these 
preliminary  observations. 

All  but  one  of  the  samples  of  iron  are  electrolytic.  Three  from 
Prof.  C.  F.  Burgess,  Nos.  i,  16,  and  17;  sample  No.  25  remdted  in 
vacuo  is  from  the  same  lot  as  No.  17;  and  No.  26  is  from  the  Lang- 
heim-Pfanhauser  A-G.  iron,  also  remelted  in  vacuo.  The  elec- 
trolytic plates  were  relatively  thick,  from  one-eighth  to  nearly 
one-fourth  inch. 

The  mass  of  the  samples  ranged  from  15  to  3ig,  and  for  the  first 
three  series  the  iron  sample  consisted  of  more  than  one  piece  of 
metal.  The  first  three,  i,  16,  and  17,  were  from  the  electrolyte 
plates  as  deposited,  25  and  26  were  remelted  in  vacuo,  and  22  is 
ingot  iron  remelted  in  a  gas  furnace,  of  similar  quality  as  sample 
Fi  of  Table  3. 
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Several  facts  stand  out  prominently  from  these  preliminary 
observations.  In  the  first  place,  in  contrast  to  the  samples 
remelted  in  vacuo,  J[)efore  taking  heating  and  cooling  curves, 
which  samples  show  the  Ac2  and  Ar2  maxima  sharply  defined  at 
a  single  temperature,  768°,  the  untreated  electroljrtic  samples 
show  a  wide  and  variable  interval  between  the  Ac2  and  Ar2  max- 
ima, an  interval  in  some  individual  cases  greater  than  50°.  With 
untreated  electroljrtic  iron,  Ac2  is  always  higher  and  Ar2  alwa3rs 
lower  than  the  single  A2  point  at  768°,  as  fotmd  with  the  remelted 
irons.  Again,  the  position  of  the  maxima  of  Ac3  is  higher  and  of 
Ar3  lower,  with  very  considerable  variations  for  the  untreated 
samples;  or,  in  other  words,  the  interval  Ac3-Ar3  (maxima)  is 
considerably  less,  10  to  14°,  for  the  samples  reheated  in  vacuo 
than  for  the  untreated  samples,  for  which  this  interval  ranges  from 
20  to  40°. 

These  results  show  the  important  rdle  played  by  the  occluded 
gases  and  an  examination  of  the  data  of  the  tables  shows  that  sev- 
eral reheatings  to  1050^  in  vacuo  are  not  sufficient  to  put  thick 
electrol3rtic  iron  plates  into  a  satisfactory  condition  for  making  a 
thermal  analysis  of  its  critical  ranges.  When  there  are  several 
pieces  making  up  a  sample  (as  Nos.  16  and  17)  the  retarding  effect 
of  poor  conduction  also  enters  somewhat. 

Remelting  appears  from  these  observations  to  be  an  essential 
preliminary  treatment  to  which  the  iron  should  be  subjected, 
unless  several  rates  are  used,  as  we  shall  show  below.  We  desire 
to  emphasize  this  point,  for  we  bfelieve  that  one  of  the  main  reasons 
why  many  of  the  previously  published  results  with  electrol3rtic  iron 
show  inconsistencies  and  variations  in  the  location  of  A2  and  A3, 
is  due  to  the  fact  that  the  gases  have  never  been  sufficiently 
removed  or  the  samples  were  not  in  a  compact  enough  form,  or 
both  these  effects  superposed  and  sometimes  associated  with  a 
too  wide  temperature  interval  between  observations. 

A  property  that  appears  to  be  common  to  all  these  samples  is 
that,  on  the  average,  for  A3  the  beginning  of  Ac3  is  at  the  same 
temperature  as  the  beginning  of  Ar3,  within  the  limit  of  accuracy 
with  which  these  somewhat  indefinitely  defined  temperatures  can 
be  located.    This  characteristic  sharply  distinguishes  A3  from 
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A2 ;  for  the  latter,  as  we  have  seen,  the  maxima  of  Ar2  and  Ac2 
coincide  when  the  samples  are  compact  and  gas  free. 

As  to  the  effect  of  rate  of  heating  or  cooling  upon  the  location  of 
the  critical  ranges,  it  will  be  noted,  Table  4,  that  for  the  rates 
here  used,  0.06**  to  0.35®  per  second  (or  17  to  3  seconds  per  degree) , 
there  is  no  effect  on  the  location  of  A2  (max)  for  the  samples  25 
and  26  premelted  in  vacuo,  or  for  sample  22,  ingot  iron  remelted 
in  gas  furnace,  while  for  the  imtreated  samples  a  fast  rate  accom- 
panies a  greater  difference  in  Ac2-Ar2.  For  the  A3  range  the 
effect  of  rate  is  less  pronounced  for  the  untreated  samples  but 
appears  to  be  appreciable  for  the  premelted  samples.  Table  5 
shows  that  reducing  the  rate  to  zero  gives  769**  for  A2  (  =  Ac2  — 
Ar2)  for  all  samples ;  and  for  A3  we  find  for  zero  rate  Ac3  —  Ar3  — 
1 2®  with  Ac3  =  912°  and  Ar3  =  900°  on  the  average. 

TABLE  5 
of  Critical  Ranges  for  Zero  Kate — Preliminary 


SMipto 

Ac3 

Ax8 

Ac3-Ar3 

Ac2 

Al2 

A62^Ar2 

1 

914 
913 
911 
909 
912 
913 

900 
900 
896 
895 
903 
909 

14 
13 
15 
14 
9 
4 

768 
760 
770 
769 
769 
766 

767 
769 
769 
772 
769 
766 

+1 

15 

0 

17 

•fl 

22 

25 

0 

26 

0 

Mffln 

912 

900 

12 

769 

769 

0 

It  therefore  appears  that  in  spite  of  the  wide  variations  noted 
in  Table  4,  the  natm-e  of  the  sample,  whether  or  not  gas  free  or 
whether  in  one  or  several  pieces,  does  not  influence  the  location 
of  the  maxima  of  the  critical  ranges  when  reduced  to  zero  rate 
of  heating  and  cooling. 

The  definite  series  of  observations  is  shown  in  Table  6,  in  which  are 
recorded  all  the  observations  taken  with  the  improved  apparatus 
of  Pigs.  4,  5,  and  6  on  the  samples  here  included.  There  are 
three  samples  of  electroljrtic  iron,  prepared  by  Messrs.  Cain, 
Cleaves,  and  Schramm  (F2,  F2',  F7) ;  an  electrolytic  sample  (F3), 
prepared  by  Langheim-Pfanhauser;  another  (F4),  from  Prof.  C.  F. 
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Btirgess ;  and  one  of  ingot  iron  (Pi) ,  from  the  American  Rolling  Mill 
Co.,  all  of  which  were  remelted  in  a  gas  furnace  before  taking 
observations.  In  addition,  P8  and  P9  are  small  samples  from 
Nos.  25  and  26,  respectively,  of  the  preliminary  series;  and  P5  is 
a  piece  from  an  electrolytic  sample  which  had  been  studied  ther- 
mally by  Prof.  Carpenter. 

Considering  first  the  existence  and  location  of  the  maxima  of 
the  A2  range,  the  observations  on  all  these  nine  samples  show 
most  emphatically  the  existence  of  a  common  maximum  for  Ac2 
and  Ar2  at  768°,  with  agreement  of  1°  among  the  samples.  This 
result  is  identical  with  that  found  in  the  preliminary  series  for  the 
samples  Nos.  25  and  26,  reheated  in  vacuo,  and  for  the  others  of 
this  series  when  reduced  to  zero  rate.  This  constancy  of  (maxi- 
mum of)  Ac2  =  Ar2  =  768°  C  ±0.5  is  seen,  therefore,  to  persist  for 
variations  in  mass  from  0.7  to  35  g.  in  rate  of  heating  or  cooling 
from  0.05°  to  0.35°  per  second,  for  iron  remelted  in  vacuo  or  gas 
furnace,  whether  of  electrol)rtic  or  "ingot"  preparation,  as  deter- 
mined in  two  differently  constructed  furnaces,  with  five  sepa- 
rately calibrated  thermocouples  and  using  two  methods  of  thermal 
analysis. 
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The  small  electroljrtic  sample,  P5,  from  Prof.  Carpenter,  which 
had  been  heated  by  him  six  times  to  1000^  C,  also  behaves 
exactly  fike  the  ethers. 

Turning  now  to  the  maxima  of  A3  we  see  that  for  all  the 
sampleS)  Ac3  is  located  at  912^^2,  wMle  the  agreement  for  Ars 
is  apparently  not  so  good,  the  range  being  from  880**  to  903®  for 
the  different  samples,  and  the  mean  value  of  Ars  is  889®.  It  is 
to  be  noted  that  the  samples  P8  and  P9,  preheated  in  vacuo,  are 
in  agreement  with  Nos.  25  and  26  of  the  preliminary  series,  again 
showing  the  smallest  interval,  namely,  Ac3  —  Ar3  =  14*^. 

As  in  the  preliminary  series,  the  beginning  of  Ar3  is  located,  in 
general,  at  about  the  same  temperature  as  the  beginnmg  of  Ac3, 
although  these  beginning  temperattu-es  are  not  defined  with 
sufficient  sharpness  to  warrant  certainly  the  statement  that  the 
A3  transformation  b^;ins  at  the  same  temperature  on  heating 
and  on  cooling,  although  this  appears  highly  probable. 

No  effect  of  rate  of  heating  or  cooling  can  be  seen  in  the  location 
of  the  critical  range  A2.  For  the  critical  range  A3,  when  the 
observations  on  Ac3  and  Ar3  are  plotted  in  terms  of  rate  of  heat- 
ing or  cooling  (see  Fig.  7) ,  the  anomalies  in  location  of  Ar3  largely 
disappear,  although  extrapolating  Ac3  and  Ar3  to  zero  rate  again 
fails  to  give  a  single  equilibrium  temperature  Ae3.  For  zero 
rate,  Ac3=909®  and  Ar3  =  897®,  or  there  is  apparently  a  real 
difference  of  some  12^  in  the  location  of  the  maxima  of  this 
transformation,  which  result  is  in  exact  agreement  with  the  pre- 
liminary series. 

Considering  both  series,  it  seems  safe  to  say  that  we  may  place 
Ac3  =  909*'±i  and  Ar3  =  898±2  and  Ac2-Ar2»768*^±o.5  for 
ptu-e  iron  passing  through  A3  and  A2  at  zero  rate  and  through 
A2  at  any  rate  provided  the  iron  is  gas  free  and  in  the  form  of  a 
single  compact  piece. 

DBSCRIPTION  OF  THE  PLOTTBD  CURVBS 

An  examination  of  the  actual  heating  and  cooling  curves  is  also 
essential.  For  most  of  the  samples  both  inverse  rate  (marked  I) 
and  derived  differential  (marked  D)  heating  and  cooling  curves 
are  recorded.  Observations  were  usually  taken  at  2*^  intervals, 
although  others  were  sometimes  used,  namely,  i^  and  4^  steps. 
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which  are  evident  from  inspection.  For  all  curves  the  ordinates 
represent  temperattures  centigrade;  for  the  inverse  rate  curves  the 
abscissas  represent  time  in  seconds  to  change  the  temperature 
of  the  sample  by  the  unit  interval  (i^,  2^,  or  4^);  and  for  the 
derived  di£ferential  curves  the  abscissas  represent  deflections  on 
the  differential  galvanometer  scale  expressed  in  millimeters. 

Effect  of  plotting  at  different  intervals  is  shown  in  Plate  III  for 
the  observations  of  a  single  heating  and  cooling  curve  of  sample 
Fi.  It  would  appear  that  there  is  no  advantage  in  reducing  the 
interval  at  which  temperatures  are  taken  to  as  small  as  i^  in  the 
desire  not  to  miss  any  very  slight  transformation;  on  the  con- 
trary,  the  sensibility  is  thereby  reduced  proportionally,  since  what 
is  meastu-ed  is  only  the  effect  between  two  successive  taps  of  the 
key.  On  the  other  hand,  with  wide  intervals,  such  as  4^,  missing 
a  single  observation  may  be  sufficient  to  throw  the  whole  series 
into  doubt.  The  interval  chosen,  2^,  appears  to  avoid, 'satisfac- 
torily, the  two  pitfalls  of  lack  of  sensibility  and  danger  of  missing 
the  cusp  of  a  transformation. 

Curves  of  the  definite  series  are  shown  in  Plates  IV  to  VIII. 
The  most  detailed  study  was  made  of  sample  F2,  consisting  of 
33  K  of  premelted  electrolytic  iron,  prepared  by  Mr.  Cain.  In 
contrast  to  the  observations  by  ourselves  and  others  on  untreated 
electrol)rtic  iron  which  show  irregular  curves  for  the  first  three  or 
four  heatings,  with  this  premelted  iron  the  first  curve  is  about  as 
regular  and  sharply  defined  as  the  succeeding  ones.  The  similar 
character  of  the  two  t)rpes  of  curve  is  well  shown  here,  the  only 
considerable  difference  being  that  for  very  slow  and  for  rapidly 
changing  rates  the  inverse-rate  curve  shows  marked  departures 
from  the  vertical.  It  is  apparent  from  an  inspection  of  the  cturves 
that  although  the  maxima  and  to  a  less  degree  the  ends  of  the 
critical  ranges  are  sharply  defined,  the  exact  location  of  the  begin- 
nings, especially  on  heating,  is  attended  with  considerable  uncer- 
tainty for  both  t)rpes  of  curve. 

The  curves  of  Plate  IVa  show  the  results  of  an  effort  to  attenu- 
ate or  eliminate,  if  possible,  by  various  operations,  the  A2  point. 
As  the  curves  indicate,  it  is  impossible  to  influence  the  position 
or  natm-e  of  Ac2  or  Ar2  by  any  thermal  operations  performed  upon 
the  iron  above  or  below  this  temperature.    Thus,  during  the 


354  Bulletin  of  the  Bureau  of  Standards  [Vol  » 

sixth  heating  the  sample  was  held  71  minutes  at  825^,  then 
heated  to  above  A3  and  then  cooled ;  in  the  seventh  it  was  heated 
to  just  below  the  beginning  of  A3  and  then  cooled ;  in  the  eighth 
and  ninth  it  was  heated  and  cooled  twice  over  a  short  range 
including  the  A2  point;  in  the  tenth  it  was  held  60  minutes  just 
below  A3  and  then  carried  up  and  down  three  times  over  the  A3 
range  before  cooling.  In  all  these  operations,  Ac2  and  Ar2  remain 
unchanged  in  any  way,  and  the  evidence  is  abundantly  conclusive 
that  the  critical  range  A2  is  in  no  sense  related  to  the  A3  trans- 
formation, as  has  been  suggested  it  might  be,  particularly  by 
Benedicks. 

A  small  piece  (1.5  g«p20  of  the  above  sample  was  also  exam- 
ined with  the  same  results  (PL  IV). 

The  observations,  with  several  other  samples  of  electrolytic  iron, 
F3,  P4,  and  F7  premelted  in  the  gas  furnace,  are  shown  in  Plates 
V,  VII,  and  VIII,  corroborating  the  previous  observations.  It 
will  be  seen  that  in  each  case  the  first  heating  gives  as  definite 
results  as  the  succeeding  ones.  A  sample  of  35  g  of  remelted 
ingot  iron  Fi  (PL  VII)  gives  the  same  type  of  curve  as  the  remelted 
electrolytic  irons. 

A  sample  of  particuku"  interest  is  F5,  it  being  0.7  of  a  gram  of 
Prof.  Carpenter's  electroljrtic  iron,  which  is  seen  (PL  VI)  to  behave 
exactly  like  the  others,  showing  Ac2  and  Ar2  both  clearly  located 
on  the  curves  at  768**. 

The  advantage  of  using  small  samples  for  sharply  defining  the 
magnitude  of  the  critical  ranges  is  well  shown  for  the  curves  of  F5 
(0.7  g),  F8  (i.o  g),  and  F9  (2.1  g).  Plates  VI  and  VII,  the  last  two 
being  pieces  remelted  in  vacuo.  These  very  small  samples  were 
also  inclosed  within  the  platinum  neutral  in  the  furnace,  a  pro- 
ceeding which  appears  to  be  advantageous,  since  the  sample 
F2'  of  1.5  g  not  so  inclosed  (PL  TV)  shows  the  A3  range  much  less 
sharply. 

The  curves  of  the  preliminary  series  are  not  all  presented  here,  but  a 
su£Scient  number  are  included  to  indicate  the  constancy  of  behav- 
ior attained  with  the  variously  prepared  samples  with  the  imper- 
fected  apparatus  and  at  times  an  unsteady  heating  current. 
All  the  observations  taken  of  one  of  the  electrolytic  samples  pre- 
melted in  vacuo  (No.  26)  are  given  and  this  series  of  curves  (Pis. 
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X,  Xa,  and  Xb)  gives  a  fair  example  of  them  all.  Some  of  the 
untreated  electrolytic  samples  give  somewhat  enatic  results,  as 
shown  for  sample  No.  i,  Plate  XI.  The  curves  for  the  ingot  iron, 
sample  No.  22,  Plates  IX  and  IXa,  are  also  representative  of  the 
results  obtained  with  the  earlier  apparatte.  Plate  XI  is  inter- 
esting mainly  m  that  it  contains  about  all  the  errors  to  which 
thermal  analysis  is  subject.  This  was  our  first  series  for  pure 
iron. 

Existence  of  Other  Critical  Ranges. — Several  observers  have 
announced  the  existence  of  transformation  points  in  addition  to 
A2  and  A3 ;  notably,  Sir  Roberts- Austen,  who  considered  he  had 
found  several  points  below  A2;  Carpenter,  one  at  600°,  which 
Rosenhain  later  attributed  to  the  heating  tube;  Arnold  a  "  fourth 
recallescence  point "  between  A3  and  A2  (or  a  doubling  of  A2) ; 
Robin,  two  critical  regions  below  A2  near  400**  and  100®,  respec- 
tively; and  P.  Curie,  Broniewski  and  others,  one  or  more  points 
above  1000®. 

A  few  of  our  observations  extend  to  as  low  as  300^  and  as  high 
as  1050^  without  indicating  the  presence  of  any  critical  legions 
above  A3  or  below  A2. 

Some  of  the  curves,  particularly  on  cooling,  give  slight  evidence 
of  a  minute  transformation  at  about  805^  (see  in  particular  several 
of  the  cooling  curves  for  sample  P2) ,  although  with  the  other 
samples  this  point  can  hardly  be  said  to  be  present.  If  a  point 
between  A3  and  A2  is  really  present,  this  would  corroborate  the 
magnetic  observations  both  of  Ctuie  and  of  Weiss  and  Poez,  whose 
susceptibility  curves  show  an  inflection  between  As  end  A3. 
(See  Fig.  2.) 

There  is  more  positive  evidence  of  a  8%ht  absorption  of  heat 
in  the  heating  curves  corresponding  in  temperature  to  the  maxi- 
mum of  Ar3.  Although  not  alwa3rs  present  in  the  heating  curves, 
this  doubling  of  Ac3  is  well  shown,  mainly  for  the  inverse-rate 
curves,  m  the  following  of  the  definite  series :  Sample  P7,  both 
curves;  the  curves  of  very  slow  rate  of  sample  F2,  especially  the 
fifth;  F4,  all  curves;  F3,  Fi,  and  F8,  slightly  evident;  while  this 
doubling  is  apparently  absent  in  F9  and  F5  (Carpenter's  sample) , 
both  of  very  small  mass. 
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Some  of  the  curves  of  the  preliminary  series  also  show  one  or 
another  of  these  secondary  points  (see  Pis.  IXa  and  Xb), 
usually  more  marked  in  the  inverse-rate  curves;  but  due  to  the 
relative  irregularity  of  the  preliminary  series,  as  compared  with 
the  definite  series  with  the  perfected  apparatus,  we  do  not  place 
any  considerable  reUance  on  the  former  series  for  this  purpose. 

In  view  of  the  apparent  impossibility  of  finding  experimentally 
a  common  equilibritun  temperature  Aes  for  the  heating  and  cooling 
curves,  the  presence  of  an  inferior,  even  if  slight,  transformation 
on  heating  at  the  temperature  of  Ar3  would  be  an  aid  in  explaining 
this  anomaly,  although  the  allotropy  of  iron  woxild  thereby  be 
further  complicated,  a  step  we  are  by  no  means  anxious  to  cham- 
pion, unless  the  facts  are  considered  sufficiently  convincing. 

nxnSTRATIVB  SSEUBS  OF  OBSERVATIONS 

In  Table  7  are  given  the  actual  observations  taken  for  our  heating 
and  cooling  curves  of  sample  F3,  showing  the  method  of  recording 
and  reducing  such  observations.  These  observations  are  plotted 
in  Plate  XII  both  as  differential  and  derived  differential  curves. 
The  abscissas  of  the  differential  curves  are  millimeter  deflections 
on  the  galvanometer  scale,  as  given  by  the  differential  thermo- 
couple. It  is  evident  from  inspection  why  the  derived  differential 
method  is  to  be  preferred  over  the  differential  as  a  method  of 
expressing  graphically  the  results  of  thermal  analysis. 

The  inverse  rate  curves  deduced  from  Table  7  are  given  in 
Plate  VIII. 

In  Table  7,  the  column  headed  "Mi"  gives  emfs  of  thermo- 
couple Mi  measuring  the  temperature  of  the  sample  P3;  the  one 
headed  "Time,"  the  intervals  in  seconds  as  obtained  from  the 
xJnronograph  sheet  for  Mi  to  change  20  micro  volts ;  "M4,"  the 
corresponding  deflection  in  millimeters  of  the  galvanometer 
measuring  the  difference  in  temperature  between  sample  and 
neutral;  and  "dt "  the  successive  differences  of  M4. 
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lOOS*.  Dale,  Jona  11, 1913.  PoLWdfl.  B.M.r.8.*8.MadiiiM«ilMttoi7.  TIom:  B«flimliic,  10.49; 
•ndlof,  11.42;  total  tima,  53  mfamtos.  Rmuaki:  Weight  ef  Mnule,  31.7  g;  tancth  ef  Mmple,  2S  mm; 
diameter  of  Mmi9te»  15  mm.   Hole,  17  mm  deep;  5  mm  diameter.] 
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90 
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40 

340 

• 

90 
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40 
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Kl 
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1L7 
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12.6 

-05 

15.0 

+10 

02 
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42 
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92 
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42 
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KS 
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1L5 

-13 

12.4 

-05 

15.1 

+11 

94 

171 

44 

365 

94 

571 

44 

491 

K6 

+19 

1L6 

-12 

12.6 

-04 

14.8 

+11 

96 

152 

46 

377 

96 

575 

46 

480 

K6 

+19 

1L8 

-11 

12.7 

-04 

15.0 

+14 

98 

133 

48 

388 

98 

579 

48 

466 

14.7 

+25 

1L7 

-10 

12.8 

-04 

113 

+16 

700 

108 

50 

398 

800 

583 

50 

450 

l&O 

+26 

1L8 

-11 

12.9 

-01 

115 

+19 

03 

82 

52 

409 

02 

584 

52 

431 

13.7 

+04 

1L7 

-11 

13.0 

-01 

118 

+32 

04 

78 

54 

420 

04 

585 

54 

409 

12.2 

-10 

1L9 

-10 

13L1 

+01 

1&4 

+29 

06 

88 

56 
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06 

584 

56 
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12.0 
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+01 
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+34 
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58 
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08 
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58 
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60 
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10 
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60 
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13.6 

+02 
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+49 

13 

133 

62 

460 

12 

580 

62 

257 

11.5 

-14 

11.9 

-09 

13.7 

+04 

19.8 

+SJ 

14 

11.5 

147 

-17 

64 

12.1 

469 

-08 

14 

18L4 

S76 

+03 

64 

113 

190 

+34 

16 

164 

66 

477 

16 

573 

66 

164 

1L5 

-16 

12.1 

-08 

117 

+04 

114 

-30 

IS 

180 

68 

485 

18 

569 

68 

194 

1L4 

-15 

12.0 

-09 

119 

+06 

112 

-56 

30 

195 

70 

494 

20 

563 

70 

250 

1L6 

-16 

12.2 

-09 

117 

+03 

14 

-58 

32 

311 

72 

503 

22 

560 

72 

308 

12.0 

-15 

12.1 

-07 
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+06 

9L4 

-55 

34 

lao 
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-16 

74 

12.3 
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24 

14.1 

554 
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74 
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363 
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36 
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76 
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26 
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76 
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12.1 
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-43 

38 

1L5 

257 
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78 
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28 

14.0 

546 

+04 

78 
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454 
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30 

1L6 

271 
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80 

112 
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30 

118 

542 

+05 

80 

ILO 

493 

-31 

32 

286 

82 

538 

32 

537 

32 

534 

1L5 

-14 

12.5 
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14.1 

+05 

11.3 

—30 
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TABLE  7— Costmued 


m 

Tta 

lf4 

dt 

Ml 

TlBW 

M4 

dt 

Ml 

Tta% 

M4 

dt 

Ml 

TtaM 

M4 

411 

784 

554 

002 

697 

920 

734 

938 

732 

11.5 

-24 

13.2 

-07 

14.7 

-01 

15.6 

+01 

86 

578 

04 

/ 

704 

22 

735 

40 

731 

1L6 

-24 

13.7 

-06 

14.6 

-01 

15.8 

+01 

88 

602 

06 

710 

24 

736 

42 

730 

12.2 

-20 

13L6 

-06 

14.6 

+01 

15.2 

+01 

M 

622 

08 

716 

26 

735 

44 

729 

12.3 

-16 

13.7 

-04 

15.0 

-01 

15.6 

+03 

98 

638 
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28 

736 

46 
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12.5 

• 

-16 

14.0 

-04 

14.6 

00 

12.5 

+01 

94 
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30 
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48 
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96 
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666 
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14.4 
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33 
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+01 

50 
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98 

l&l 
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14.2 
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34 

14.9 
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+01 
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86 
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[ntiBjIn  No.  F  3.   Rim  llist  &nm»  ObMivwa,  J.  J.  C.  and  H.  8.   C^oi>tflM|j.^j£H  MitJmiim 

Mniln»964.   I>mtejiiii«ll,1913.   Pot, Wolff.   B.  M.  F.  S.  ft  S.  Madiliie  on  btttory.   Tlmo:  BoglBiitag 
1.32;  ondliif*  2.27;  total  time*  55  minatoa.] 
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M4 

dt 

Ml 
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M4 

dt 

Ml 

Tim* 

M4 

dt 

Ml 
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M4 
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TABLE  7— Cootinised 


Ml 
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dt 

Ml 

TIbm 

M4 

dt 

Ml 

Tlmo 

M4 

dt 
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M4 

dt 
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15 
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14.9 
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13.3 

-04 

144 

+09 

C3 

14 

12 
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62 

«, 

457 

12 

582 

K6 
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13.8 
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142 
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18 

10 
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60 
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10 
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13.8 
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12 

08 

734 

58 
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08 
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06 
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56 
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06 
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SO 

08 
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50 
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00 

12.4 
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00 
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40 

08 

796 
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48 
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46 

07 

96 
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46 
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96 
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86 
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86 
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86 
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34 
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80 
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26 
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76 
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84 
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74 
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24 
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74 
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13.9 
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+01 

22 
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72 
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22 
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72 
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14.0 

+07 
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20 
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70 
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20 
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TABLE  7— Continued 
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Tim* 

M4 
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13.0 
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02 
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20 
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78 
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86 
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• 

13.0 
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13.0 
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18 
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34 
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58 
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16 
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74 
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32 
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12.9 
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13L3 

-02 
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00 

56 
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14 
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72 
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30 
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13.1 
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-05 

13.3 

-02 
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-01 

54 

793 

12 

713 

70 

641 

28 

589 

13.3 

-08 

12.8 

-04 

12.8 

-02 

115 

-02 

52 

790 

10 

709 

68 

639 

26 

587 

13.2 

-04 

12.9 

-04 

12.8 

-03 

112 

-03 

50 

786 

08 

705 

66 

696 

24 

584 

ia3 

-03 

1310 

-03 

13.3 

-03 

113 

-04 

48 

783 

06 

702 

64 
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22 
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13.1 

-03 

lao 
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-03 
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-02 

46 

780 

04 

698 

62 
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13.0 
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13.2 

-04 
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-01 
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02 
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60 
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18 
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13.0 
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13.0 
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13.0 
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-01 

42 

773 

00 
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58 
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16 
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12.9 
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40 
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56 
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14 
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96 
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54 
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12 
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86 
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94 
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52 
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10 
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-04 

12.8 
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84 

757 

92 
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50 
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08 
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90 
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48 
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06 
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12.9 
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30 
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88 
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46 
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04 
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12.9 
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13.2 
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28 
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86 
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44 
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02 
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13.0 
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-01 

26 
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84 
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-04 

42 
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00 
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24 

12.9 
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658 

-04 

40 
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MICROSCOPICAL  BZAXDrATIOH 
By  H.  S.  Rawdok 

Figs.  I  and  8  of  Plates  II  and  Ila,  which  are  micrographs  of  a 
sample  of  electrolytic  iron  prepared  by  Mr.  J.  R.  Cain,  Bmeau  of 
Standards,  illustrate  the  appearance  of  the  metal  upon  deposition. 
The  iron  is  quite  different  in  its  properties  from  iron  under  ordinary 
conditions.  It  is  quite  brittle  and  hard,  and  the  samples  for  micro- 
scopic  examination  are  prepared  with  much  less  difficulty  than 
after  the  iron  has  been  melted.  This  difference  is  undoubtedly 
due  to  the  hydrogen  which  saturates  the  metal  as  a  result  of  its 
method  of  preparation. 

All  of  the  other  specimens  examined  show  some  spherical  gas 
bubbles  due  to  the  liberation  of  the  dissolved  gases  during  the 
processes  of  melting  and  which  did  not  escape  from  the  iron  on 
accotmt  of  its  viscosity.  These  bubbles  have  a  peculiar  appear- 
ance tmder  vertical  illuminatioQ,  resembling  inclusions  of  MnS. 
This  is  due  to  the  absence  of  all  oxide  film  from  the  walls  of  the 
bubble.  Fig.  5  shows  this  appearance  of  the  bubbles  somewhat. 
These  bubbles  occur  in  all  the  specimens  regardless  of  their  method 
of  melting,  and  also  very  small  ones  occur  in  samples  which  were 
heated  for  the  cooling  curve  determination  without  previous 
melting.  Fig.  3  is  interesting  in  showing  the  interior  veinings 
in  the  iron  crystals  which  appear  upon  deep  etching  after  the 
sample  has  been  heated  considerably. 

All  of  the  photomicrographs,  tmless  otherwise  stated,  are  at  a 
magnification  of  100  diameters.  Picric  acid  was  used  as  an 
etching  agent. 

SUMMARY  AND  CONCLUSIONS 

In  the  first  part  of  this  paper,  after  a  brief  statement  of  the 
current  theories  of  the  allotropy  of  iron,  we  have  given  what  we 
hope  will  be  considered  an  impartial  account  of  the  numerous 
experimental  efforts  of  others  to  locate  and  define  the  critical 
ranges  A2  and  A3  of  pure  iron  in  terms  of  the  various  physical 
phenomena  which  have  been  fotmd  to  change  with  temperature. 

These  observations  are  embodied  in  Tables  i  and  2,  from  which 
we  see  that  all  the  physical  properties  of  iron  which  have  been 
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studied,  with  the  single  notable  exception  of  crystallographic 
structure,  have  shown,  in  the  hands  of  one  or  more  skillful  experi- 
menters, a  distinct  discontinuity  for  the  A2  range  as  well  as  for  the 
A3  range.  For  several  of  the  phenomena,  such  as  electrical  resist- 
ance, thermoelectricity,  specific  heat,  and  magnetism,  it  would 
appear  that  the  discontinuity  is  at  least  as  great  for  A2  as  for  A3, 
while  the  thermal  effect  has,  of  course,  been  long  recognized  as 
being  much  the  more  pronounced  at  A3. 

The  investigation  proper  consisted  in  taking  in  vacuo  some  130 
heating  and  cooling  curves  by  two  methods  simultaneously,  the 
inverse  rate  and  differential,  for  1 5  samples  of  pure  iron  prepared 
by  various  methods  and  analyzed  by  several  chemists.  Unusual 
precautions  were  taken  to  secure  uniformity  of  heating  of  the 
samples,  and  it  was  also  possible  to  take  observations  for  samples 
of  widely  different  mass,  and  over  a  wide  range  of  rates  each  main- 
tained strictly  constant.  Two  furnaces  were  used  and  temper- 
atures were  taken  with  six  separately  calibrated  thermocouples. 
The  observations  show  that  in  order  to  get  consistent  and  reliable 
results  in  the  thermal  analysis  of  a  substance  such  as  iron,  the 
properties  of  which  are  so  readily  susceptible  to  many  minor 
influences,  it  is  necessary  to  get  rid  of  all  the  disturbing  influences. 

We  find  essential  the  following  precautions : 

1.  The  iron  should  be  pure — our  purest  samples  were  99.983 
and  contained  0.003  P^  ^^^^  carbon  or  less — and  it  should  be 
kept  pure  by  heating  it  only  in  vacuo;  a  pressure  of  0.01  mm  Hg 
suffices. 

2.  Either  the  occluded  gases  should  be  removed  by  premelting 
the  iron,  preferably  in  vacuo,  or  it  will  in  general  be  foimd  necessary 
to  take  a  series  of  heating  and  cooling  curves  at  widely  different 
rates,  in  order  to  determine  correctly  the  location  of  the  critical 
ranges  A3  and  A2. 

3.  The  iron  should  be  in  a  single  piece,  entirely  surrotinding 
and  in  contact  with  the  thermocouple  junction;  otherwise .  the 
thermocouple  will  integrate  the  irregular  progress  of  the  heat 
throii^h  the  sample  and  the  curves  will  lose  their  sharpness. 
Small  samples  (i  g.  or  so)  give  sharper  results  than  large  samples. 

4.  The  interval  of  recording  temperatin-es  should  be  wide 
enough  that  sufficient  sensibility  is  attained  and  narrow  enough 
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that  the  contour  of  the  curves  is  not  distorted;  we  have  found  a  2^ 
interval  satisfactory. 

5.  The  sensibility  of  the  apparatus  indicating  temperatures 
and  differences  of  temperature  should  be  of  the  order  of  o.oi^ 
and  time  should  be  measured  to  better  than  0.2  second. 

Among  the  results  of  this  investigation  may  be  mentioned 
the  demonstration  that  the  inverse  rate  and  differential  methods, 
the  latter  plotted  as  the  derived  differential  curve,  give  identical 
results  of  the  same  sensibility  for  the  critical  ranges,  and  the  two 
sets  of  curves  are  strictly  similar,  save  for  minor  particulars. 

The  plotted  curves  give  what  seems  to  us  conclusive  evidence 
of  the  independent  existence  of  A3  and  A2,  all  of  the  130  curves, 
without  exception,  showing  both  these  critical  ranges  sharply 
defined  and  tmquestionably  distinct.  It  was  found  impossible 
to  eliminate  or  attenuate  A2  by  thermal  treatment.  The  A2 
transformation  has  not  a  double  cusp,  nor  do  there  appear  to  be 
other  transformations  above  A3  and  below  A2  between  300^ 
and  1050^.  With  electrolytic  iron,  unless  the  sample  has  been 
premelted  into  a  compact  mass,  erratic  results  will  be  obtained 
for  both  A3  and  A2,  the  location  of  the  critical  points  apparently 
depending  in  the  main  upon  the  rate  of  heating  or  cooling.  The 
critical  points  may  even  be  displaced  by  over  50^.  (See  Tables  4 
and  6.)  It  is  possible,  however,  to  reduce  the  observations  on 
untreated  electrolytic  iron  to  exactly  the  same  temperature  basis 
as  the  gas  free,  compact  material  by  taking  curves  at  several 
rates  and  reducing  to  zero  rate.  This  would  appear  to  indicate 
that  the  gases  occluded,  mainly  hydrogen,  play  no  essential 
chemical  rdle  in  modifying  the  iron  equilibrium. 

Even  with  gas-free  iron  the  A3  point  is  not  entirely  independent 
of  the  rate  of  heating  or  cooling,  so  that  it  is  necessary  to  reduce  the 
observations  to  zero  rate  in  order  to  obtain  correct  results  for 
Ac3  and  Ar3.  The  range  in  the  location  of  Ar3,  for  example, 
with  premelted  samples  was  found  to  be  876^  at  0.155  degree 
seconds  to  898®  at  zero  rate.     (See  Fig.  7.) 

All  preparations  of  pure  iron,  even  those  containing  gases, 
when  reduced  to  the  common  basis  of  zero  rate  of  heating  or 
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:,  have  the  same  maximum  for  the  A2  critical  range,"  namely, 
A2"Ac2>-Ar2>-768^±o.5.  AU  but  one  of  the  15  samples  gave 
this  result  to  within  2^;  the  other  to  3^. 

Similarly  for  zero  rate,  the  value  of  the  maxima  of  A3  are 
found  to  be  Ac3  -909®±  i  and  Ar3  -898®  ±2. 

It  was  not  possible  to  infer  a  single  equilibrium  temperature 
Ae3  from  these  experiments,  the  Ac3  transformation  on  heating 
always  being  at  a  higher  temperature  than  Ar3,  the  transformation 
on  cooling. 

It  was  fotmd,  however,, that  the  beginning  of  Ac3  coincides  in 
temperature  with  the  beginning  of  Ar3  as  closely  as  could  be 
judged.  It  is  as  if  the  crystallographic  changes  at  A3  required, 
so  to  speak,  a  temperature  inertia  to  complete  itself  both  on 
heating  and  on  cooling,  although  the  effect  of  rate  on  the  equilib- 
rium (see  Fig.  7)  appears  to  be  slightly  the  greater  on  cooling. 

It  is  possible  that  the  A3  transformation  is  somewhat  more 
complex  than  this,  as  there  are  indications  from  some  of  the 
heating  curves  of  a  doubling  of  Ac3,  although  not  of  Ar3.  This 
effect  may  be  fortuitous. 

The  relative  amotmts  of  heat  accompanying  the  two  trans- 
formations, A3  and  A2,  is  approximately  3  to  i,  respectively. 

An  examination  of  some  of  the  heating  curves  will  perhaps  give 
the  erroneous  impression  that  Ac2  is  an  evolution  rather  than  an 
absorption  of  heat.  The  swing  back  at  the  maximum  is  very 
abrupt,  following  what  appears  to  be  a  gradual  building  up  of 
this  maximum  from  an  indeterminate  low  temperature.  This 
behavior  would  be  in  accordance  with  the  gradual  change  in 
certain  physical  properties,  svch  as  magnetism  and  electrical 
resistance,  as  A2  is  approached.    On  the  other  hand,  the  opera- 

^  Prof.  BmftMcki  bsvfaig  raised  the  question  ti  the  effect  on  A»,  doe  to  m  ettenistiiif  current  heAtInc 
smvly,  the  aothots  have  talcen  heetinf  and  cooUnc  curves  of  a  sami»le  in  vacuo  within  an  ordinary 
hraffd  muffle  furnace,  with  the  f oUowiuf  results  for  As  maThna; 
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tions  carried  out  on  sample  P2  (PL  V)  failed  to  diminish  sensibfy^ 
the  intensity  of  Acs,  which  would  imply  that  this  thermal  trans- 
formation is  limited  to  a  narrow  temperature  interval;  also  some 
of  the  curves  of  Ac3  show  that  this  long  back  swing  appears  to  be 
in  part  at  least  a  property  of  the  heating  conditions.  The  shading 
off  on  cooling  through  Ar2,  if  this  effect  is  a  real  one,  might  be 
marked  by  a  similar  swing  back  from  this  peak,  and  thereficKe  be 
indistinguishable.  (Compare  also  Plate  XII.) 
We  hesitate  to  express  an  opinion  on  the  nature  of  the  allotropy 


TiM£ 


Pig.  8. — Types  of  inms/ormation  in  iron, 

of  iron.  These  thermal  observations  appear  to  show  that  the 
transformations  A3  and  A2  are  of  the  types  illustrated  in  Fig.  8. 
The  fact  that  A2  appears  to  be  accompanied  by  no  crystallographic 
change,  such  as  accompanies  A3,  requiring  a  violent  rearranging 
of  relatively  large  crystal  masses  and  involving  a  considerable 
quantity  of  heat,  may  account  for  the  sharpness  with  wliich  Ac2 
equals  Ar2,  and  the  A2  transformation  may  be  merely  molecular, 
not  involving  the  crystallographic  structure  as  such.  Whether  we 
have  any  fi  iron  or  not  to  inhabit  the  region  between  A2  and  A3 
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will  depend  on  our  definition  of  allotropy,  but  we  hope  that  we 
have  proved  beyond  a  reasonable  doubt  that  tmder  standard 
conditions  there  is  a  definite  transformation  at  768^  and  a  less 
well  defined  although  more  intense  one  at  898^  to  909^  in  terms 
of  their  maxima  on  cooling  and  heating." 

In  conclusion,  we  take  great  pleasure  in  acknowledging  the 
samples  of  iron  and  analyses  from  Prof.  C.  F.  Burgess,  Prof. 
H.  C.  H.  Carpenter,  Dr.  H.  Goldschmidt,  Mr.  J.  R.  Cam;  and  the 
American  Rolling  Mill  Co.,  and  the  cooperation  of  the  chemical 

^  The  authors  would  raggcst  the  foUowinc  coooeriiiflc  the  theory  of  aUotropy  of  iron: 

I.  Some  of  the  experimental  facta  that  any  theory  must  satiflfactorilyocoouxxt  for  are:  A  definite  thermal 
effect,  independent  of  rate  of  heatinc  or  coding,  located  at  768*dbo.5«  Ac»"  Ara,  i.  e..  with  no  mcasurahle 
lac;  a  mndi  greater  thermal  effect,  but  dependent  upon  rate,  aooompanying  a  marked  crystallographic 
change,  and,  as  extrapolated  for  xero  rate,  located  at  Acs— 909*  u>d  Atj^-HqS*.  Both  the  Acs  and  Acs 
^m-wUtut  Bppnr  to  be  anticipated  by  gradual  changes  in  physical  properties  below  these  temperatures 
defining  the  maxima.    Finally,  Aa  and  A3  are  distinct  transformations. 

a.  Among  the  experimental  uncertainties  are,  whether  with  Ai  there  is  associated  any  crystallographic 
ciiange,  however  sli^t— it  being  recalled  that  the  thermal  change  is  also  very  slii^t— and  idiether  there 
ia  any  slii^t  volume  diange  accompanying  As.  Concerning  A3,  we  are  not  sure  whether,  as  xero  mass 
•ad  sero  rate  are  i^iproached.  Acs  exactly  equals  Arj  or  not.  For  neither  As  nor  A3  has  the  beginning 
of  Acs  or  Acs  been  exactly  located. 

5.  We  may  define  an  allotropic  tronsfonnotion  in  many  ways.  Confining  oursdves  to  a  pure  substance 
in  the  solid  state,  let  us  make  the  simple  definition:  An  attUropic  trtmrformatitm  it  om9  aceompanied  bf 
crystaUograpkk  ckangt. 

«  4.  There  appears  to  be  no  doubt  that  Aj  is  an  allotropic  transformation  under  this  definition,  whether 
or  not  for  zero  rate  and  mass  Acs""Ar3,  so  long  as  there  is  observed  a  crystalk)graphlc  change.  It  is  not 
necessary  in  the  case  of  iron  to  add  to  the  definition  the  complications  of  Smits's  theory,  actually  observed 
with  the  masses  hitherto  used  experimentally,  namely,  that  Acs>Ar3,  and  the  faster  the  rate  the  greater 
the  interval  Acs— Ars. 

5.  Sufficient  experimffital  evidence  is  yet  wanting  to  deddc  in  favor  of  Aa  being  an  allotropic  trans* 
iormation  according  to  the  above  definition. 

6.  So  mudi  for  facts  and  theory.  We  still  have  the  realms  of  analogy  and  hypothesis  to  work  upon 
to  guide  us  as  to  the  probable  nature  of  Aa  in  terms  of  allotropy.  One  of  the  greatest  experimental  diffi- 
culties encountered  is  due  to  the  nontransparency  of  iron  crystals  rendering  an  adequate  optical  examinaf 
tion  of  iron  passing  tliroogh  Aa  well-nigh  hopeless. 

Turning  to  the  transparent  substance  quartz,  however,  we  have  a  material  which  appears  to  present  a 
doae  analogy  in  certain  of  its  transformations  to  those  in  iron.  At  575*,  quartz  has  a  very  minute  tran»> 
fomution  although  a  definitely  defined  one  by  thermal  analysis,  corresponding  evidently  to  our  Aa  in 
iron.  At  about  900*  there  is  a  violent  Grystalk)graphic  diange  in  quartz  aooompanied  by  a  correspond- 
Ingly  large  thermal  effect  and  also  by  a  very  considerable  volume  change;  in  iron,  exactly  our  A3.  Now 
it  is  interesting  to  note  that  for  the  reversible  point  at  575*  in  the  transparent  quartz,  there  is  a  very  slight 
crirstallographic  change  accompanied  by  a  minute  volume  effect  which  antidpates  the  sharp  fwirimfww 
at  575*  by  many  degrees  in  the  same  way  that  the  numerous  physical  properties  of  iron  appear  to  antici* 
pate  the  sharp  maximmn  of  iron  at  Aca~768*. 

7.  Reasoning  from  the  quartz  analogy,  therefore,  the  following  hypotheses  may  be  made  regarding  the 
nature  of  the  Aa  transformation  in  iron,  namely,  that  Aa  u  an  allotropic  point  accompanied  by  a  very 
minute  but  as  yet  undetected  crystallographic  change  and  differing  from  A3  mainly  in  magnitude;  that 
wlicn  sufiidently  exact  rrpansion  measurements  are  made  on  pure  iron,  a  minute  but  abrupt  volunie 
change  will  probably  be  found  at  Aa  preceded  by  a  very  feeble  antidpatory  region  in  the  expansion  curve 
below  Aa. 

If  experiment  eventually  proves  the  first  of  the  above  hypotheses  incorrect,  we  have  the  ofUexpressed 
ihcmative  that  the  Aa  tnasformation  is  mainly  if  not  entirdy  associated  with  the  passage  from  the  ferro- 
magnetic to  the  paramagnetic  state;  and  under  the  above  definition,  Aa  would  not  be  an  allotfopic  trana- 
iarmation,  and  fi  iron  would  be  really  dead. 

WiMBNOTON,  December  i,  1913. 
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division  of  this  Bureau,  in  making  check  anal3rses.  The  care  and 
skill  with  which  Mr.  H.  Scott  has  assisted  us  in  taking  and  reduc- 
ing the  observations  has  greatly  expedited  the  investigation,  and 
we  are  indebted  to  Mr.  H.  S.  Rawdon  for  the  photomicrographic 
examinations. 
Washington,  September  22,  1913. 
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NOTE  ON  THE  SETTING  OF  A  MERCURY  SURFACE  TO 

A  REQUIRED  HEIGHT 


Bv  M.  H.  STILtMAN. 


The  present  brief  article  has  to  do  with  an  improvement  in 
the  well-known  method  of  adjusting  a  mercmy  surface  to  a 
given  height  by  bringing  it  just  into  contact  with  the  lower  end 
of  a  pointer  of  ivory  or  other  material  which  projects  from  above 
downward  toward  the  surface  of  the  mercury.  This  method  is 
commonly  made  use  of  in  certain  types  of  mercurial  barometers. 

In  setting  the  mercury  surface  in  the  cistern  of  a  barometer  it 
is  usual  to  raise  the  surface  of  the  mercury  to  the  required  height 
in  order  that  the  barometer  may  always  be  read  with  a  rising 
meniscus,  so  as  to  reduce  to  a  minimum  the  irregularity  due  to 
capillarity  and  to  the  sticking  of  the  mercury  to  the  sides  of  the 
tube.  The  mercury  surface  is  therefore  raised  until  the  tip  of 
the  pointer  and  its  image  in  the  mercury  seein  to  coincide  or 
until  a  tiny  dimple  is  formed  in  the  mercury  by  the  tip  of  the 
pointer. 

The  improvement  referred  to  above  is  an  artifice  by  means  of 
which  a  smaller  dimple  can  be  detected,  and  consists  simply  of  a 
scale  of  alternate  parallel  white  and  black  lines,  each  about  0.5 
mm  wide,  placed  back  of  the  pointer  in  such  a  way  that  the 
observer  sees  the  image  of  this  scale  in  the  mercury  surface  at 
the  point  where  the  dimple  is  to  be  formed.  When  the  pointer  is 
not  touching  the  mercury  the  surface  of  the  latter  will  be  prac- 
tically plane,  and  the  lines  of  the  image  of  the  scale  will  appear 
parallel;  but,  as  soon  as  a  very  small  dimple  is  formed  by  the 
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contact  of  the  pointer  and  mercury,  the  fact  is  made  evident  by 
a  distortion  of  the  lines  of  the  image  of  the  scale.  The  advan- 
tages apparent  in  the  use  of  this  auxiliary  scale  are  the  increased 
ease  and  accuracy  with  which  the  mercmy  surface  may  be  set 
by  using  only  ordinary  care,  and  the  consequent  reduced  eye 
strain  when  a  large  number  of  readings  are  made. 

In  Figs.  I  and  2  are  represented  the  appearances  of  the  mer- 
cury surface  in  the  cistern  of  a  barometer  equipped  with  the 
above-mentioned  auxiliary  scale,  before  and  after  setting,  respec- 
tively. It  will  be  noted  that  while  in  Fig.  i,  with  the  mercury 
below  the  end  of  the  pointer,  the  lines  of  the  image  are  practi- 
cally parallel  below  the  pointer,  in  Fig.  2  the  images  of  the  lines 
of  the  scale  are  distorted  at  the  end  of  the  pointer,  indicating 
contact  between  the  latter  and  the  mercmy.  In  Fig.  2,  in  order 
that  the  photograph  might  show  the  distortion  of  the  lines  more 
plainly,  the  mercury  was  set  higher  relative  to  the  pointer  than 
would  be  the  case  in  an  actual  reading  of  the  barometer. 

In  order  to  determine  the  accuracy  with  which  settings  of  a 
pointer  to  the  mercmy  surface  may  be  repeated  by  this  method, 
the  experiment  described  below  was  made. 

•Fig.  3  is  from  a  photograph  of  the  apparatus  used  in  the  deter- 
mination. A  steel  pointer  (P)  was  attached  to  the  foot  of  the 
movable  scale  (S)  of  a  Zeiss  vertical  comparator  and  a  slow- 
motion  screw  (A)  adjtisted  to  bear  upon  the  upper  end  of  this 
scale,  so  that  the  latter  with  the  attached  pointer  could  be  slowly 
and  steadily  raised  from  or  lowered  to  the  merctuy  surface  (M) 
below.  B  B  are  stretched  rubber  bands  attached  to  the  scale 
to  maintain  it  in  contact  with  the  height-adjusting  mechanism 
(A).  The  parallel-line  scale  (L)  was  placed  behind  the  pointer, 
as  shown,  so  that  the  desired  reflection  could  be  obtained  in  the 
mercury  stuiace.  The  vertical  scale  (S)  was  read  by  means  of 
the  comparator  microscope,  which  was  provided  with  a  mi- 
crometer eyepiece. 

The  steel  pointer  was  a  wire  of  about  i  mm  diameter,  with  its 
lower  end  rounded  to  approximately  a  hemisphere  of  the  diame- 
ter of  the  wire.  Thus,  the  pointer  was  very  similar  in  shape  to 
those  commonly  used  in  merctuy  barometers,  although,  of  course, 
not  of  the  same  material 
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The  method  of  procedure  in  making  the  measurements  was  to 
lower  the  pointer  slowly  until  a  distortion  of  the  parallel  lines  of 
the  image  was  visible  and  then  to  read  the  scale  by  means  of  the 
micrometer  microscope.  No  auxiliary  device  was  used  to  aid 
the  eye  in  detecting  distortion  of  the  Unes. 

Below  is  given  a  sample  set  of  five  consecutive  readings  made 
in  the  manner  described  above. 


H-.»«-*«^ 

jtMdiBc  attftavto 

DsvlMoBfmB 

4&tt42 
.1242 

.8232 
.8242 

aooos 

.0009 

•  0000 

.0007 

.0009 

Mmb... 

46.8239 

This  table  indicates  the  rather  surprising  fact  that  all  of  the 
successive  independent  settings  of  the  pointer  and  micrometer 
agreed  with  the  mean  setting  well  within  cooi  mm  and  that  the 
average  deviation  from  this  mean  was  only  0.0003  nim.  It  was 
found  that  even  better  agreement  of  readings  than  the  above 
recorded  could  be  obtained  when  the  illumination  and  the  con- 
dition of  the  observer's  eyes  were  more  favorable. 

The  accuracy  with  which  settings  could  ordinarily  be  repro- 
duced, using  the  method  of  coincidence  of  point  and  image,  was 
also  investigated  and  found  to  be  less  than  by  using  the  improved 
method.  Thus,  while  the  average  deviation  of  the  settings  from 
the  mean  in  the  case  of  the  improved  method  was  0.0003  T^axn^ 
the  other  method,  under  very  favorable  conditions,  showed  an 
average  deviation  of  0.0026  mm  in  a  similar  group  of  five  settings. 

It  is  of  course  to  be  expected  that  the  height  of  the  pointer 
(relative  to  the  mercury  surface),  when  set  by  the  improved 
method,  will  be  slightly  less  than  when  set  by  noting  the  apparent 
coincidence  of  the  end  of  the  pointer  and  its  image  or  by  noting 
when  light  can  no  longer  be  seen  between  the  pointer  and  the 
mercury  surface;  in  the  settings  by  the  two  last-mentioned 
methods,  the  end  of  the  pointer  is  probably  slightly  above  the 
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surface,  while  in  the  setting  by  the  first-mentioned  method  (the 
improved  method)  the  end  of  the  pointer  is  necessarily  a  finite 
distance  below  the  surface  in  order  to  produce  the  dimple.  Deter- 
minations made  with  the  apparatus  described  above  indicated 
that  this  difference  in  the  settings  was  ordinarily  from  0.012  mm 
to  o.oi  8  mm  and  that  this  improved  method  gives  a  setting  between 
that  of  the  ordinary  dimple  method  and  the  method  depending 
upon  the  apparent  coincidence  of  the  end  of  the  pointer  and  its 
image.  The  above-mentioned  differences  are  negligible  in  ordi- 
nary barometry  but  shotdd  be  considered  in  extremely  precise 
work  if  a  barometer,  the  corrections  of  which  are  known  to  a 
high  degree  of  acctu-acy,  is  used.  The  improved  method  should 
be  especially  valuable  where  it  is  practical  to  use  it  in  deter- 
mining the  difference  in  height  of  two  mercury  stuiaces;  for  in 
this  case  the  constant  errors  of  the  settings  cancel,  thus  allowing 
the  full  advantage  of  the  sensitiveness  of  the  method  to  be  realized. 

Unfortunately,  not  all  barometers  in  which  the  lower  mercury 
surface  is  set  to  the  end  of  a  pointer  have  been  designed  with 
sufficient  space  between  the  mercury  surface  and  the  top  of  the 
cistern  to  allow  the  improved  method  to  be  used  with  maximum 
advantage.  There  are,  however,  few  barometers  of  this  type 
with  which  considerable  advantage  both  in  convenience  and 
precision  of  setting  can  not  be  gained  either  by  placing  the  scale 
behind  the  dstem  of  the  barometer  or  within  it. 

Washington,  September  20,  19 13. 
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1.  SOME  ERRORS  AFFECTING  MEASURING  MICROSCOPES 

Accurate  measurements  of  length  made  with  micrometer 
microscopes  require  careful  consideration  of  the  errors  to  which 
such  instruments  are  subject. 

The  most  important  corrections  to  the  readings  of  a  screw 
micrometer  are  necessitated  by  the  deviations  from  the  nominal 
value  of  a  division^  the  progressive  errors,  and  the  periodic  errors. 
The  last  named  may  proceed  from  periodic  irregularities  in  the 
thread  (so-called  drunken  thread) ,  failure  to  have  the  thrust  bear- 
ings perpendicular  to  the  axis  of  rotation,  an  eccentric  drum,  or 
an  irregular  division  of  the  drum.  With  proper  use  no  errors  will 
be  introduced  by  lost  motion  or  by  an  irregularly  distributed  oil 
film.  Temperature  changes  may  cause  variations  in  magnification 
by  thermal  expansion  of  the  tube,  the  screw,  or  the  microscope 
lenses  (changing  the  curvatures),  or  by  altering  the  refractivity 
of  the  media  traversed  by  the  light  in  forming  the  image  measured 
by  the  screw.  Then  there  are  other  irregularities  too  Uttle  tmder- 
stood  to  be  subject  to  calculation.  While  these  variations  in 
magnification  are  measurable,  they  are,  however,  small  and  gen- 
erally negligible.  They  are  best  taken  into  account  by  frequently 
measuring  some  known  length  interval.'    In  certain  cases  it  may 

'  Mr.  S.  D.  miyer  of  this  btucan,  to  wfaom  I  am  inddbted  for  many  yaluable  nagveitloas  and  critidsnu, 
caltod  my  attention  to  a  pai>er  by  F.  L.  O.  Wadsworth»  "On  the  coostractioa  of  telcaoopcs  whose  relatire 
cxr  absolute  focal  length  shall  be  invariable  at  all  temperatures/'  Roy.  Astroo.  80c.  Moothly  Notices, 
M*  PP*  S73'S9ii  X903>  stills  discusses,  with  the  aid  of  fonnulae  and  illustiative  examples,  some  of  the 
sources  of  these  variations  of  magnification,  and  it  points  out  that  when  an  ordinary  flint  and  crown  ob- 
jective is  mounted  in  a  brass  tube,  the  theimal  expansion  of  the  latter  will  almost  compensate  for  the 
focal-kncth  change  of  the  former.  Mr.  Tillyer  also  tells  me  that  it  is  a  common  piactice  in  astronomical 
observatories  to  mount  the  objective  so  that  its  distance  from  the  reticule  can  be  varied  sufSdently  to 
pcimit  adjurtmcnt  of  the  wM»gti<fi<^*;*i*i  itom  time  to  time. 

asaes'— 14 — s  ^" 
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be  necessary  to  correct  for  distortion  of  the  image  near  the  edge 
of  the  field.  Again,  serious  errors  may  sometimes  be  caused  by 
failure  to  focus  accurately.  Neither  absence  of  parallax  nor 
sharpness  of  image  is  a  sufficient  test.' 

Another  possible  trouble  deserves  to  be  mentioned,  because  if 
existent  it  may  prove  very  exasperating  and  may  long  evade 
detection.  Any  holes  in  the  surfaces  of  the  thrust  bearings,  even 
if  extremely  small,  may  harbor  minute  chips  or  grains  of  dust, 
which  in  time  work  between  the  rubbing  surfaces  and  cause  large 
irregularities  of  a  more  or  less  periodic  natiu-e.  When  such 
trouble  appears  in  a  comparator,  its  periodic  natiu-e  is  apt  to  re- 
main unnoticed,  and  the  irregularities  are  likely  to  be  ascribed 
to  such  things  as  a  loose  joint  somewhere  in  the  framework  sup- 
porting the  microscopes,  a  bad  place  in  a  micrometer  screw,  or 
something  rubbing  against  one  of  the  spider  lines." 

The  elusive  nature  of  such  troubles  is  well  illustrated  by  an 
experience  recorded  by  Hough,*  who  succeeded  Sir  David  Gill  in 

>  Curious  anomalies,  finally  tntced  to  inaccurate  focusing,  long  puzzled  Pizcau  and  Tresca  of  the  Prendi 
Section  and  Bosscha  and  Oudemana  of  the  Dutch  Commission  while  oomparing  line  standards  with  the 
MHre  des  Archives,  an  end  standard.  An  explanation  was  given  by  Pizeau,  and  a  method  of  reducing 
the  trouble  pointed  out  by  Comu  and  used  in  comparing  the  M^tre  des  Ardiives  with  the  provisional 
international  standard.  (See  A.  Comu  and  J.  R.  Benott,  "Determination  de  I'^talon  proyisoire  interna- 
tional." Trav.  et  H^m.,  10,  p.  9,  1894;  W.  Poerster,  "Ueber  den  Ansdhluss  des  alteren  Urmaasses  und 
der  Copieen  desselben  an  das  neue  Deutsdie  Frototyp  ftir  das  Meter,"  Norm.  Aich.  Komm.  AbhandL  1, 
p.  67,  1895;  J.  R.  Benolt:  "Mesures  de  dilatation  ct  comparaisons  des  regies  mteriques,"  Trav.  et  M^m., 
2, C.  26, 1883;  A.  Hirsch,  "De  I'influence  de  la  mise au foyer  sur  la  valeur  du  micitmi^tre d'un  microscope.'* 
Pioc.  verb.,  p.  955, 1S77;  and  W.  Poerster,  "Note  sur  I'influence  de  la  mise  au  foyer  et  del'lnclinaisondes 
micro6cox)e8  sur les  mcsures  micrometriques,"  Proc.  verb.,  p.  371, 1877.)  That Comu's  procedure,  however, 
merely  reduced  but  did  not  eliminate  the  trouble  unless  aplanatic  objectives  (free  from  spherical  aberra- 
tion  and  coma)  were  used  seems  to  have  been  recognized  first  by  Benolt  and  Guillaume  after  obtaining 
systematic  differences  of  nearly  4  pi  ia  comparing  length  standards  by  two  different  methods.  (See  J.  R. 
Benott  and  C.  B.  Guillaume:  "Metres  &  bouts,"  Trav.  et  M^m.,  19,  p.  35,  1903.)  These  experiences 
seem  to  have  pretty  generally  escaped  the  notice  of  those  who  write  treatises  as  well  as  of  those  who  use 
micrometer  microscopes.  Errors  of  xo  /(  or  more  may  be  easily  introduced  by  inaccurate  focusing  even 
though  r^Mated  pointings  may  differ  by  less  than  x  /l 

>  In  a  case  which  caused  the  writer  considerable  annoyance  the  thrust  bearings  were  found  deeply  scored 
and  a  grain  of  dirt  embedded  near  the  edge  of  a  minute  cavity  due  to  porosity  of  the  metal.  Apparently 
^1  wiping  the  surfaces  during  the  cleaning  that  preceded  calibration,  particles  of  dirt  had  been  brushed 
into  some  of  the  cavities  only  to  work  out  into  the  bearings  when  the  micrometer  was  used.  Removing 
the  embedded  dirt  speck  still  left  the  periodic  error  about  five  times  as  great  as  when  the  microscope 
was  calibrated.  A  careful  grinding  of  the  bearings  reduced  the  error  to  about  the  value  at  the  time 
of  calibration.  Attempts  at  further  improvement  by  polishing  only  made  matters  worse.  Of  course 
an  entirely  new  calibration  was  necessary  after  a  thorough  cleaning,  with  special  attention  to  cavities. 
After  this  cs:x>erience  each  micrometer  drum  and  bearing  was  covered  by  a  dust-exduding  case  with  a 
celluloid  window.  This  cover  also  prevents  the  silver  of  the  drums  from  tarnishing  and  has  the  further 
advantage  of  eliminating  blunders  when  reading  the  tenths  of  a  turn,  since  the  windows  are  only  twehre 
divisions  long  and,  therefore,  show  but  one  figure  at  a  time  except  when  the  setting  is  dose  to  an  exact 
tenth. 

*  Report  of  His  Majesty's  Astronomer  at  Cape  of  Cjood  Hope  for  the  years  1906  and  1907.  pp.  3-4. 
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charge  of  the  Cape  Observatory.  After  reporting  the  satisfac- 
tory behavior  of  some  underground  reference  marks  for  the  new 
meridian  circle,  Hough  states  "The  discussion  of  azimuth  deter- 
minations made  during  the  year  1906  and  the  early  part  of  1907 
indicated,  however,  that  though  the  marks  themselves  seemed  to 
possess  all  necessary  stability,  the  azimuth  determinations  were 
affected  by  a  persistent  and  apparently  increasing  systematic 
difference  amounting  at  the  time  to  o'.i  in  azimuth,  depending 
on  whether  the  observations  were  made  with  instrument  in 
position  Clamp  East  or  in  position  Clamp  West.  The  difference 
was  eventually  traced  to  a  loose  jewel  in  the  end  bearing  of  the 
micrometer  screw,  since  the  resettmg  of  which  the  discordances 
seem  to  have  entirely  disappeared." 

TABLE  1 


A 

B 

C 

D 

E 

1 

+151 

-38 

-I 

-8 

-15 

2 

+102 

+27 

0 

+1 

-  9 

3 

+101 

-21 

+1 

+8 

+12 

4 

-  40 

-49 

+1 

+7 

+  9 

Table  i  is  given  to  show  the  magnitudes  of  the  periodic  errors 
found  in  some  microscopes.  On  the  assumption  that  the  micro- 
nometers  read  correctly  at  the  beginning  and  at  the  end  of  a 
turn,  the  corrections  in  ten-thousandths  of  a  turn  that  must  be 
added  to  the  reading  at  the  end  of  each  fifth  indicated  in  the  first 
column  are  recorded  in  the  other  columns.  Under  A  are  the 
corrections  for  one  turn  of  the  microscope  referred  to  in  the 
footnote  on  page  376,  after  it  had  been  repaired  as  well  as  possible. 
Under  B  are  those  f oimd  for  a  turn  of  a  microscope  used  in  making 
important  length  measurements.  The  instrument  had  never 
before  been  investigated.  A  curious  feature  of  this  microscope 
was  the  regular  repetition  of  this  series  of  corrections  every  other 
turn,  with  a  somewhat  different  but  equally  regular  series  for  the 
alternate  turns.  Colunm  C  represents  a  screw  of  imusual  excel- 
lence, made  by  an  American  firm  noted  for  high-grade  astronomi- 
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cal  instruments.  D  represents  the  average  and  £  the  worst  of 
a  group  of  lo  others  made  by  this  same  firm.  The  irregularities 
which  these  lo  exhibit  are  of  the  same  order  of  magnitude  as 
those  of  the  best  microscopes  belonging  to  the  International 
Bureau  of  Weights  and  Measures. 

As  a  final  word  of  caution  it  should  be  noted  that  whenever 
high  accuracy  is  demanded  in  measurements  made  by  micrometer 
microscopes  the  screw  errors  should  be  investigated  periodically. 
It  is  by  no  means  safe  to  assume  that  screws  in  use  will  remain 
unchanged  indefinitely.  Not  only  can  irregularities  creep  in 
without  detection,  but  even  the  regular  wear  of  the  threads 
(especially  when  the  screws  are  new)  can  produce  marked  changes 
in  the  errors.  This  seems  to  have  been  pointed  out  first  by 
Christie.*  Subsequently  Gill  investigated  the  effect  of  wear  on 
gun-metal  micrometer  screws  working  in  brass  bearings.*  Errors 
originally  negligible  had  in  the  course  of  a  little  more  than  four 
years  increased  to  such  an  extent  that  when  different  parts  of 
the  screws  were  used  to  measure  the  same  length,  covering  about 
4.8  turns,  discordances  as  great  as  from  0.02  to  0.09  of  a  turn  were 
obtained  with  the  same  micrometer,  averaging  as  much  as  0.04 
turn  for  the  six  screws  examined.  In  a  later  paper'  he  shows 
that  "  even  when  steel  screws  are  employed  the  changes  produced 
by  wear  in  the  non-periodic  corrections  are  very  marked/' 
although  "the  wear  of  steel  screws  in  brass  bearings  is  very 
much  less  than  that  of  gun-metal  screws  in  brass  bearings." 

•  W.  H.  M.  Christie:  ''On  thecflectof  wctf  In  themfefooiettttcrewtof  tfaeOreeniridi  tfin^ 
Hoy.  Astran.  Soc.    Monthly  Notices,  t7t  pp.  i8-t«;  1876. 

•David Gill:  ''OttsystcmaticcnDnlnthenadinsiof thcdf^inknMopctof  theCipetranBitdicle.'! 
Soy.  Astron.  Soc.  Monthly  Notices,  4S9  pp.  64-90;  1884.  In  this  paper  snd  also  in  a  later  one  (Monthly 
Notices,  4S9  pp.  439-444,  Z885)  Gin  gives  numerons  reasons  to  show  that  what  he  considered  serious  errof' 
In  the  Cape  Catalogue  of  x88o  (embracing  observations  between  1870  and  1879),  whidi  had  been  attributed 
by  the  author,  Mr.  Stone,  to  constraint  caused  by  Imperiectly  finished  threMls  at  the  ends  of  the  screws, 
were  in  reality  caused  by  the  wear  to  whidi  the  screws  had  been  subjected  ^ce  they  were  broui^t  into 
nse  in  1855. 

'  David  Gill:  "Notconthecffectof  wear  on  the  errors  of  micrometer  screws."  Roy.  Astnm.  Soc.  Monthly 
Notices.  M«  pp.  73-76:  1898. 


Gtmfi 


Micrometer  Microscopes 


379 


2.  MBTHODS   OF   APPLYING   CORRECTIOlfS   TO   A   GROUP   OF 

UCROMBTBRS 

Fig.  I  is  pr^ented  for  the  purpose  of  recalling  the  relation 
between  the  length  /  to  be  measured  and  the  observations  made 
with  the  microscopes.  The  vertical  arrows  represent  the  optical 
axes  of  the  two  microscopes  of  a  transverse  comparator.  The 
inclined  arrows  represent  the  axes  of  the  pencils  forming  images 
of  the  lines  defining  the  extremities  of  /.  y  is  the  distance  between 
the  points  Ol  and  Om  on  which  the  microscopes  would  be  sighted 


a 


0 


I 


R 


R* 


Fig.  1. — Principle  of  microscope  comparator 

when  the  micrometers  read  zero  (if  they  could  be  moved  that 
far).  L  and  R  are  the  distances  from  Ol  and  Or,  respectively, 
to  the  ends  of  /,  and  are  given  directly  by  the  micrometer  readings 
corrected  to  measure  lengths  in  terms  of  the  same  imit.     Then 

l^y^{L^R)  (i) 

The  distance  y  must  be  determined  or  eliminated  by  comparing 
/  with  a  known  length.  Let  the  subscripts  A  and  B  indicate 
measurements  made  on  two  bars  to  be  compared.  Then  it  follows 
that 

Ia"Ib-{La-Ra)  -{Lb-Rb)={La-Lb)  -{Ra-Rb)  (2) 
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If  the  uncorrected  readings  of  the  micrometers  are  indicated  by 
primes  and  the  corrections  by  ^'s,  then 

La^L'a  +  ^La  Ra=R'a  +  ^Ra 

Lb=L'b'\'^Lb  Rb=R'b  +  ^Rb  (3) 

If  the  progressive  and  the  periodic  errors  are  so  small  that  it  is 
sufficient  to  apply  only  the  scale-value  factor,  the  second  of 
equations  (2)  is  the  more  convenient.  But  in  work  demanding 
the  highest  accuracy  it  is  by  no  means  justifiable  to  omit  the 
corrections  for  progressive  and  periodic  errors  unless  investigation 
shows  that  the  screws  are  of  unusual  excellence.  However,  the 
labor  involved  in  applying,  as  well  as  in  determining,  these  cor- 
rections  by  any  of  the  methods  ordinarily  described  is  sufficient 
to  discotnage  their  use  in  all  but  very  exceptional  cases. 

The  writer  has  developed  a  method  which  takes  into  account  all 
necessary  corrections,  but  with  an  expenditure  of  labor  after  the 
microscopes  have  been  calibrated  once  for  all  even  less  than  that 
required  to  mtiltiply  the  change  in  each  micrometer  reading  by 
the  mean  scale-value  and  subtract.  Essentially  it  is  a  simplifica- 
tion of  the  procedure  followed  by  the  International  Btueau  of 
Weights  and  Measures  in  measuring  the  national  prototype 
meters.'  The  principal  gain  is  effected  by  reducing  to  two  tables 
(both  of  which  can  be  mounted  on  a  single  card)  all  the  informa- 
tion contained  in  the  six  tables  used  by  the  International  Btueau. 
A  simplified  method  of  computing  the  tables  will  be  discussed  in 
the  next  section.  The  table  for  the  left  microscope  gives  at  one 
inspection  the  total  correction  j^L  that  must  be  added  to  any 
reading  U  of  the  left  microscope  to  give  the  corrected  reading  L 
that  appears  in  equations  (i),  (2),  and  (3),  above;  that  for  the 
right  microscope  gives  —  -^iJ,  the  negative  of  the  total  correction 
to  the  reading  R\  Reversing  the  sign  of  -^i?  is  merely  a  matter 
of  convenience.  It  is  usually  sufficient  to  enter  the  corrections 
for  every  tenth  of  a  turn  and  to  obtain  those  for  the  hundredths 
by  interpolation.    A  convenient  arrangement  is  one  similar  to 

*  J.  R.  Bcndt:  "Mesures  de  dilatatioa  et  oompftraiioas  des  ingles  nUtriques,"  Tmv.  et  Mtei.,  fl,  C  xji; 
X883.  The  ofigiiutl  observations  are  recorded  on  p.  C  xix.  and  the  tables  for  conccting  the  micfoaoope 
ftadings  are  to  be  found  on  pp.  C.  zi.-xiv. 
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that  followed  in  most  mathematical  tables — the  whole  tmns  are 
indicated  at  the  side  and  the  tenths  at  the  top.  ^ 

'  The  displacement  corresponding  to  one  division  (— b.oi  tmn) 
of  the  microscopes  may  differ  so  little  from  i  /a  that  only  small 
;  corrections  will  be  required  to  reduce  the  readings  to  micronsl 
It  may,  however,  well  happen  that  reduction  to  the  desired  length 
miit  might  require  corrections  so  large  as  to  be  inconvenient.  It 
then  becomes  advisable  to  select  an  auxiliary  unit  corresponding 
to  the  average  screw  value,  and  to  express  all  corrections  in  terms 
of  this  unit,  which  should  be  the  same  for  both  microscopes.*  It 
is  further  advantageous  to  minimize  the  magnitude  of  the  cor- 
rections by  adjusting  both  microscopes  to  give  almost  the  same 
magnification — if  possible  one  that  permits  a  simple  reduction 
factor.  Then  all  computations  can  be  made  in  terms  of  the 
auxiliary  unit,  multiplying  by  the  reduction  factor  being  deferred 
until  the  end. 

By  way  of  illustration  Table  2  is  presented,  which  contains  all 
the  corrections  to  the  two  microscopes  discussed  in  the  footnote 
on  page  376.  The  arrangement  is  that  indicated  in  the  second 
paragraph  before  this.  The  auxiliary  unit  selected  was  3/4  fi, 
since  one  drum  division  had  nearly  this  value.  Since  the  con- 
struction of  the  microscopes  (with  fixed  tubes)  made  adjustment 
of  the  magnification  inconvenient,  it  was  omitted.  The  tmit  in 
which  the  corrections  are  expressed  is  i/io  division = 3/40  pi. 
For  convenience,  each  microscope  was  assumed  to  have  no  error 
at  the  beginning  of  turn  number  30,  which  was  the  center  of  the 
range.  Since  these  microscopes  were  used  for  meastuing  large 
elongations,  the  caUbration  was  extended  over  40  turns,  embrac- 
ing about  four-fifths  of  the  field  of  view.  If  each  microscope  had 
been  adjusted  to  give  the  most  convenient  magnification,  no 
number  greater  than  30  would  have  appeared  in  the  table;  and 
the  corrections  for  readings  near  the  middles  of  the  screws  would 
have  been  considerably  smaller  than  this. 


*  All  these  comsiderAtlons  apply  with  htcreaicd  force  to  a  larger  group  of  microeGopes,  for  example,  a 
group  of  four  used  to  read  a  divided  circle,  or  several  used  to  step  off  a  considerable  length  by  means  of  ft 
bar  reaching  from  one  microscope  to  the  next. 
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Another  gain  is  effected  by  recording  observations  in  such  a 
form  that  the  corrections  can  be  added  directly  without  any  copy- 
ing of  figures.  For  example,  the  complete  record  and  computa- 
tion for  a  single  comparison  of  the  bars  A  and  B  would  appear 

about  as  follows : 

A  B 


U 3027-  9 

R' 2938. 1 


U-R' 


^L-JR 


89.8 
3-0 


L-/? 


92. 8 

/.  U—Im'^i  168.0  divisions  or 

-3/4  of  1 168.0  -876.0 /£, 


2431-9 
3505.  7 

- 1073. 8 
-   1-4 

-  I07S,  2 
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The  sum  {JL^-JR)  may  be  found  mentally  as  the  correc- 
tions are  taken  from  the  table,  or  the  corrections  may  be  entered 
separately  in  the  record.  In  the  above  example  the  correction 
^L^  —  i.6  is  found  by  looking  in  the  left  half  of  Table  2  under 
302  and  interpolating  for  8;  similarly,  —JRa^i.\  is  found  in 
the  right  half.    In  the  same  way  the  table  }delds  ^Lb'^^.^  and 

Table  2  illustrates  clearly  the  need  of, applying  corrections, 
since  pointings  could  be  repeated  to  within  a  few  tenths  of  a 
division.  Examination  of  a  column  shows  the  steadily  acctunu- 
lating  effect  of  progressive  error  and  deviation  of  the  screw  from 
the  nominal  value  of  3/4  /i  per  division.  Examination  of  a  row 
shows  the  effect  of  periodic  error  together  with  the  slight  amount 
of  the  other  two  errors  that  accumulate  within  one  turn. 

The  accuracy  that  can  be  obtained  in  spite  of  such  large  errors 
is  exhibited  by  measuring  three  times  with  each  microscope  the 
same  interval  of  999.05  /i^i  332 .0  (3/4  /i) .  The  results  are  recorded 
in  Table  3,  below.  In  each  series  the  center  of  the  field  was 
located  consecutively  near  the  right  edge,  the  center,  and  the 
left  edge  of  the  image,  so  as  to  obtain  wide  variations  in  the  cor- 
rections, which  were  taken  from  Table  2.  Part  of  the  deviations 
from  the  averages  are  to  be  ascribed  to  inaccurate  focusing  and 
another  part  (perhaps)  to  linear  interpolation,  which  is  not  alto* 
gether  justifiable  with  such  large  and  irregular  periodic  errors. 
Nevertheless,  the  agreement  is  even  better  than  woidd  have  been 

predicted. 

TABLE  3 

Measurement  of  999.05  /£»  1332.0  (3/4  /i) 


U]ioor6cIm1       Cocncttoni 

^a  ^M  ^m  M 

I>«vtatloas 

1341.6                         -8.7      - 
1333.1                        -1.4     - 
1337.1                        -5.5     - 

1332.8 
1331.7 
1331.6 

+0.8 
-0.3 
-0.4 

1332.0 

:1:0.5 

1319.5                      +13.1      - 
1316.0                      +15.5     - 
1318.7                      +13.6     - 

1332.6 
1331.5 
1332.3 

+a5 
-a  6 

+0.2 

AvtiifM  wtth  ifltbtmkiMeopt 

1332.1 

:fca4 
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While  the  need  of  applying  corrections  to  such  microscopes  as 
are  described  in  Table  2  is  perfectly  evident,  it  may  be  well  to 
point  out  in  concluding  this  section  that  screw  irregularities  are 
of  importance  even  in  such  micrometers  as  those  of  the  Interna- 
tional Bureau.  An  examination  of  the  correction  tables  on  pages 
C.  xi  and  xii  appended  to  Benott's  paper  quoted  on  page  380 
shows  that  an  error  of  about  1.5  /i  can  be  made  in  comparing  two 
lengths  if  the  only  corrections  applied  are  those  for  deviations  of 
the  mean  screw-values  from  the  nominal  value  of  100  /i  per  revolu- 
tion; and  further,  that  most  of  the  error  will  be  due  to  neglectmg 
the  periodic  corrections. 

3.  DBTBRMINING  THE  CORRBCTIONS  OF  UCROMBTBR  MICROSCOPES 

The  calibration  of  a  microscope  by  one  of  the  processes  usually 
described  involves  such  laborious  computations  and  least-square 
adjustments  that  it  is  no  wonder  to  find  it  attempted  only  as  a 
last  resort  when  the  demands  of  high  accuracy  compel.  While,  of 
course,  the  complete  calibration  of  any  divided  scale  requires  con-  ] 

siderable  time,  it  is,  however,  possible  to  determine  microscope 
corrections  more  accurately  and  with  less  labor  than  wotild  appear 
from  previous  accounts.  The  whole  procedtu^  can  be  made  one 
of  direct  measurement  and  simple  graphical  addition. 

In  determining  the  screw  errors  it  is  customary  to  use  the 
ocular  of  the  microscope  under  investigation  for  viewing  the  dis- 
placements of  the  spider  lines.  An  enormotis  gain,  however,  is 
secured  by  removing  the  ocular  and  measuring  the  displacements 
by  means  of  a  second  micrometer  microscope.^^  The  micrometer 
box  may  be  detached  from  the  microscope  tube  and  mounted  on 
the  carriage  of  a  dividing  engine  or  other  apparatus  convenient  for 
producing  relative  motion  between  the  micrometer  and  the 
auxiliary  microscope;  but  the  writer  prefers  to  remove  the  ocular 
only.    The  spider  lines  may  be  agreeably  illuminated  by  placing 

MThe  use  of  an  auidllaiy  xnlcrosoope  for  this  purpose  was  fint  btoui^t  to  my  attcntioii  by  Mr.  TUlyer, 
wfao  informed  me  that  it  was  the  regular  practice  at  the  United  States  Naval  Observatory.  (See  J.  C. 
Bammood:  "Intioductioa  to  publications  of  U.  S.  Nav.  Obs.."  6,  Aziai.;  i9xzO  Sir  David  Gill  (Roy. 
Astnn.  Soc  Monthly  Notices,  46f  p.  65;  1884)  also  employed  a  compound  microscope  in  a  simple  apparatnt 
he  designed  for  raiddly  and  accurately  investigating  screw  errors;  but  his  method  is  in  seveial  lespecti 
inferior  to  that  of  the  Naval  Observatory. 
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beyond  the  objective  a  piece  of  milk  glass  or  of  thin  white  paper; 
behind  which  is  mounted  a  small  incandescent  electric  light.  The 
auxiliary  microscope  is  held  by  a  slide  that  affords  snpoth  motion 
in  three  directions  mutually  perpendicular. 

We  now  meastu^:  (i)  The  distance  traveled  by  the  spider 
lines  as  the  screw  under  investigation  is  advanced  five  whole  turns 
(a  different  number  of  turns  may  sometimes  be  more  convenient) ; 
(2)  the  distance  traveled  during  each  single  turn;  (3)  the  distance 
traveled  during  each  fifth  (or  tenth)  of  a  turn.  It  is  not  necessary 
that  the  screw  of  the  auxiliary  microscope  be  very  accurate,  be- 
cause all  the  pointings  will  be  confined  to  the  same  portions  of 
this  screw,  each  only  a  fraction  of  a  tvm  long.  Besides,  any 
irregularities  here  wiU  be  rendered  negUgible  by  choosmg  an 
objective  that  will  magnify  the  interval  to  be  measured  sufficiently 
to  make  its  image  nearly  fill  the  usable  portion  of  the  field  of  view. 
It  is  not  necessary  to  use  the  same  objective  in  measuring  all  three 
intervals,  though  it  may  be  more  convenient  to  do  so.  In  obtain- 
ing the  data  for  deriving  Table  2  a  i-inch  objective  was  used 
for  the  five-turn  intervals,  and  a  one-half-inch  objective  for  the 
other  intervals.  All  the  lengths  were  then  expressed  in  terms 
of  the  same  tmit,  namely,  one-dnun  division  of  the  auxiliary 
microscope  with  the  one-half-inch  objective.  The  measurement 
of  consecutive  five-turn  intervals  for  the  entire  length  of  the 
screw  is  not  necessary,  but  it  is  advisable  in  order  to  reduce  the 
accumtilation  of  errors  by  addition  in  determining  the  progressive 
corrections;  and  the  extra  time  consumed  is  a  small  item.  Again, 
it  is  hardly  worth  while  to  carry  out  measurements  (2)  and  (3) 
with  every  turn.  It  will  usually  be  found  sufficient  to  measure 
the  first  and  the  last  turn  of  each  five-turn  interval.  Siace  adja- 
cent turns  are  not  likely  to  differ  much,  this  grouping  in  pairs  will 
check  blunders. 

In  measuring  an  interval  the  following  procedure  is  observed: 
The  auxiliary  microscope  (which  we  shall  designate  by  A)  is  first 
focused  on  a  transverse  spider  line  attached  to  the  screw  (S)  to  bei 
examined,  and  the  image  of  this  spider  line  is  made  parallel  with 
the  spider  lines  of  A,  care  being  taken  to  use  always  the  same  place 
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of  the  observed  line,  preferably  close  to  the  longitudinal  line. 
S  is  now  set  accurately  at  the  beginning  of  the  interval  to  be 
measured,  u^g  for  this  purpose  a  lens  to  note  coincidence  between 
the  line  on  the  drum  and  that  on  the  index.  A  is  now  pointed  on 
the  spider  line  of  S  and  the  reading  is  recorded.  Then  S  is  turned 
to  the  end  of  the  interval  and  two  pointings  of  A  made.  As  a 
check  against  accidental  displacements,  S  is  returned  to  the 
beginning  of  the  interval  and  the  pointing  of  A  repeated.  The 
sensitiveness  of  the  method  is  such  that  discrepancies  exceeding 
the  accidental  error  of  a  pointing  can  usually  be  traced  to  failure  in 
setting  S  with  su£Scient  accuracy  at  tlie  boundaries  of  the  interval. 
It  is  hardly  worth  while  to  increase  the  precision  by  averaging 
more  than  two  pointings  at  each  end.  After  measxuing  one  inter- 
val, the  screw  S  is  advanced  to  the  beginning  of  the  next.  Then 
the  slide  carrying  A  is  moved  tmtil  the  spider  line  of  S  is  again 
pointed  at  (the  micrometer  of  A  alwajrs  being  set  to  read  the  same 
at  the  beginning  of  each  interval),  and  the  procedtu^  described 
for  the  first  interval  is  repeated.  When  intervals  of  a  different 
length  are  to  be  measured,  the  initial  setting  of  A  is  so  chosen  that 
the  same  narrowly  restricted  portion  of  its  screw  will  be  used  in 
pointing  at  the  ends  of  all  intervals.  The  pointings  at  the  begin- 
nings need  not  vary  more  than  a  few  hundredths  of  a  turn  for  all 
the  intervals  of  approximately  the  same  length. 

After  all  the  intervals  have  been  measured,  a  length  close  to  the 
average  for  one  turn  of  S  is  selected  as  a  basis  of  comparison.  A 
multiple  of  lo  divisions  of  A  is  convenient.  By  simply  adding  the 
deviations  of  the  meastu-ed  five-turn  intervals  from  five  times  this 
basis,  we  compute  the  progressive  corrections  at  the  beginning  of 
each  five  turns,  choosing  the  point  of  zero  correction  at  the  middle 
of  the  screw.  These  corrections  will  be  expressed  in  divisions  of  A, 
and  the  same  tmit  is  retained  in  all  stages  of  the  computation  until 
the  end,  when  the  correction  curves  are  read  off  by  a  scale  which 
automatically  translates  iato  the  ntunbers  to  be  entered  in  the 
final  table. 

We  now  plot  a  series  of  curves  the  abscissae  of  which  are  the 
whole  turns  of  S — ^that  is,  the  comb  readings  of  the  micrometer  to 
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which  it  belongs.  Figure  2  is  a  reproduction  of  those  used  in 
computing  Table  2 .  The  ordinates  of  the  first  curve  (Co) » measured 
from  the  dash  dot  line  M  N  corresponding  to  1 170  divisions  of  A, 
are  the  progressive  corrections  mentioned  in  the  preceding  para- 
graph; those  of  the  second  (Cioo)  are  the  lengths  of  the  one-turn 
intervals;  those  of  the  next  five  (op,o,  «,p4o>  mPmi  dopsoi  wpioo)  are  the 


Fig.  2. — Cujvts  showing  tht  comctions  of  a  pair  of  mcromnttr  microscopes  us§d  on  a  tnoiS" 
utrs€  comparator.  Thi  dsstanct  separating  ^  light  horiewital  liius  corresponds  to  a  corrwc^ 
turn  of  0,0513  turn,  or  3.85  microns 

lengths  of  the  one-fifth  turn  intervals  in  proper  order.  The  next 
step  is  to  adjust  these  curves  so  that  they  are  mutually  consistent; 
that  is  to  say,  the  progressive  corrections  fotmd  by  adding  five 
consecutive  ordinates  of  Q^^  measured  from  M  N  should  agree 
with  the  corrections  represented  by  Co,  and  any  ordinate  of  C^oo 
should  equal  the  sum  of  the  corresponding  ordinates  of  the  curves 
9pM sopioo-     If  the  cm-ves  are  plotted  to  a  suitable  scale,  the 
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additions  are  quickly  made  by  marking  off  the  distances  on  strips 
of  paper.  These  adjusted  curves  afford  a  fairly  safe  means  of  in- 
terpolation to  obtain  the  corrections  for  intervals  not  actually 
measured.  The  curve  plotted  from  the  sums  of  the  components 
of  each  interval  is  likely  to  lie  above  or  below  that  plotted  directly 
from  the  entire  intervals.  This  divergence  can  proceed  from 
progressive  error  or  gradual  change  of  scale-value  in  the  screw  of 
the  auxiliary  microscope  or  from  thermal  expansion  of  S,  but  it 
is  of  no  consequence.  The  adjustment  is  first  directed  toward 
rendering  the  two  etudes  parallel:  then  any  distance  separating 
them  is  divided  among  the  curves  representing  the  component 
of  the  interval  by  merely  shifting  the  base  lines  from  which  the 
deviations  would  be  meastu^d.  A  small  amotmt  of  such  diver- 
gence was  distributed  among  the  curves  for  the  right  microscope." 

After  the  adjustments  have  been  completed,  the  curves  for  the 
one-fifth  turn  intervals  are  added  graphically  to  form  a  new  set 
(C2o»  C40,  Ceo,  Cgo)  yielding  the  corrections  at  the  beginning  of  each 
fifth  by  measuring  ordinates  from  the  dash-dot  lines  corresponding 
to  1/5  of  1 1 70  =  234  divisions  of  A.  If  interpolation  is  necessary, 
it  is  readily  accomplished  graphically  with  sufficient  acciuacy. 
The  interpolating  curve  for  any  selected  turn  will  exhibit  the 
corrections  at  every  drum  reading  within  this  tiun.  Five  points 
beside  the  initial  zero  are  obtained  from  the  correction  ciu^es 
just  mentioned.  If  interpolating  curves  are  plotted  for  several 
turns  evenly  distributed  along  the  course  of  the  screw  (Fig.  3), 
sufficient  data  can  be  obtained  for  plotting  curves  (Cjoi  C^,  C^, 
C70,  C90  of  Fig.  2) ,  to  give  the  corrections  at  every  tenth  of  a  turn, 
or  oftener,  as  ftmctions  of  the  comb  readings.  All  that  now 
remains  is  to  determine  the  magnification  and  to  translate  these 
curves  into  the  figures  that  form  the  final  table. 

It  is,  of  course,  desirable  that  the  numbers  in  the  correction 
table,  and  also  the  tabular  differences,  be  small.  Tabular  differ- 
ences arising  from  periodic  irregularities  can  not  be  reduced  except 

>i  Althoturh  adjustments  of  this  kind  made  by  diffetcnt  computers  would  probably  differ  slightly,  a  least- 
square  solution  would  be  a  sheer  waste  of  effort,  since  the  differences  in  almost  any  case  would  affect  the 
final  corrections  by  considerably  less  than  the  accidental  ernur  of  a  p'^^w^^'g  in  using  the.'  micrometer  of  which 
8  forms  a  part. 
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by  improving  the  screw.  Progressive  errors  and  deviations  from  the 
nominal  screw- value,  however,  even  if  small,  lead  to  the  accumula- 
tion of  large  corrections  when  many  turns  must  be  used.  But  if  the 
magnification  is  adjustable,  these  corrections  can  often  be  materi- 
ally reduced.  The  first  of  the  series  of  curves  plotted,  namely, 
that  representing  the  progressive  errors,  was  based  on  deviations 


^ig.  3. — Interpolation  curves  showing  the  corrections  necessitated  by  periodic  errors  m  the 
micrometer  screws.  The  distance  separating  the  light  horizontal  lines  corresponds  to  a 
correction  of  0.0342  turn,  or  2.56  microns 

of  the  measured  lengths  of  individual  turns  from  the  length 
represented  by  the  basis  selected  for  comparison.  If  a  known 
length,  such  as  a  standard  millimeter,  be  measured  with  the 
microscope  to  which  the  screw  S  belongs,  and  the  readings  cor- 
rected by  using  the  curves  described  above,  the  distance  measured 
that  would  correspond  to  the  basis  of  comparison  is  likely  to 
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differ  somewhat  from  the  distance  to  be  represented  by  loo  divi- 
sions (one  turn)  in  the  correction  table.  A  little  reflection  will 
make  it  apparent  that  corrections  for  this  divergence  can  be  added 
to  the  progressive  corrections  by  the  simple  device  of  drawing  a 
line  (AB)  at  the  proper  angle  through  the  point  selected  for  zero 
correction.  The  distance  parallel  to  the  axis  of  ordinates  between 
this  line  and  the  progressive  curve  (Co)  measures  the  total  correc- 
tion for  any  comb  reading.  It  is,  therefore,  evident  that  these 
corrections  can  be  reduced  to  a  minimum  for  any  given  part  of 
the  screw  by  adjusting  the  magnification  of  the  microscope  so  as 
to  give  this  line  the  most  favorable  slope.  A  moment's  inspection 
of  the  progressive  curve  will  decide  what  this  should  be.  After 
the  magnification  has  been  adjusted  with  suifficient  closeness,  a 
standard  length  interval  should  be  careftilly  measured,  and  the 
correcting  line  accurately  located.  Several  measurements  using 
different  parts  of  the  screw  will  afford  valuable  checks  on  the 
accuracy  of  the  correction  curves.  Table  3  above  represents 
measurements  of  this  kind. 

We  are  now  ready  for  the  final  step  of  reading  off  the  corrections 
from  the  curves  and  entering  them  in  the  table.  A  translating 
scale  is  used  which  reads  the  plots  in  terms  of  the  unit  chosen  for 
expressing  the  corrections  in  the  table.  A  piece  of  coordinate 
paper  cut  diagonally  at  the  proper  angle  forms  a  convenient  scale 
The  corrections  at  the  b^;inning  of  each  turn  are  measured  by 
the  distances  between  the  curve  of  progressive  corrections  and 
the  inclined  line  correcting  for  magnification.  The  corrections 
at  the  tenths  of  a  turn  are  read  from  the  corresponding  curves, 
the  base  line  of  each  being  shifted  if  necessary  to  correct  for  mag- 
nification within  a  turn.  (Progressive  errors  within  a  turn  as  well 
as  periodic  errors  were  cared  for  in  deriving  the  curves.)  These 
internal  corrections  must,  of  cotu:se,  be  added  to  the  correction  at 
the  beginning  of  the  turn  before  entering  in  the  table. 

Washington,  November  5,  1913. 
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I.  INTRODUCTION 
1.  PURPOSE  OF  PAPER 

the  Transactions  of  the  Illuminating  Engineering  Society 

I  have  already  been  published  two  papers  ^  dealing  with  the 

:  on  flame  standards  of  candlepower  which  has  been  done  at 

the  Bureau  of  Standards.    These  papers  were  intended  to  be 
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particularly  reports  of  progress  in  the  experimental  work  which 
has  been  done  on  various  types  of  lamps.  The  investigation  of 
the  lamps  was  made  with  the  double  purpose  of  determining 
whether  any  of  them  were  capable  of  furnishing  a  check  on  a 
possible  drift  in  the  value  of  the  unit  now  maintained  by  electric 
incandescent  standards,  and  of  finding  a  satisfactory  working 
standard  for  use  where  electric  standards  are  impracticable. 

The  results  of  that  work  proved  to  be  distinctly  favorable  to 
the  use  of  the  Harcourt  lo-candle  pentane  lamp  as  a  secondary 
standard.  Since  the  publication  of  the  papers  mentioned  the 
use  of  such  lamps  has  become  much  more  extensive,  and  the 
present  paper  is  written  with  a  somewhat  different  object  in  view, 
namely,  to  cover  the  questions  which  have  arisen  regarding  their 
operation.  This  involves  a  fullness  of  detail  which  may  not  be 
of  much  interest  to  the  general  reader,  but  which  it  nevertheless 
appears  desirable  to  put  in  print  because  some  of  this  information 
is  not  generally  available.  Directions  for  the  use  of  these  lamps 
in  making  tests  of  gas  are  issued  by  the  Metropolitan  Gas 
Referees  of  London,  who  developed  this  type  of  lamp.  Their 
directions,  however,  are  not  entirely  appUcable  to  American 
practice,  and  in  some  respects  the  methods  here  described  differ 
materially  from  theirs. 

2.  BXTBNT  OF  USB  OF  PBNTANE  LAMPS 

The  number  of  pentane  lamps  tested  by  the  Bureau  is  not  an 
exact  indication  of  the  extent  to  which  the  use  of  the  lamps  has 
increased,  because  many  have  been  standardized  in  other  labora- 
tories and  many  others,  especially  in  the  early  years  of  their  use, 
were  not  standardized  at  all.  Nevertheless,  the  number  tested 
by  the  Bureau  as  given  in  the  statement  below,  is  an  indication 
of  the  widespread  adoption  of  this  standard. 


1908 
1909 
19x0. 
191Z 


4 

6 

7 
17 


19" 35 

19x3  (6  months) 15 


Total 


Since  in  many  cases  one  of  these  lamps  furnishes  the  basis  on 
which  the  quality  of  the  gas  supply  of  a  city,  so  far  as  candlepower 
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is  concerned,  is  judged,  the  importance  of  the  pentane  lamp  in 
present  practice  will  be  appreciated. 

While  the  lamp  has  fotmd  its  widest  use  in  gas  testing,  where  a 
flame  standard  is  preferred  because  the  effects  of  atmospheric 
conditions  on  it  compensate  for  similar  effects  on  the  gas  flame,  its 
usefulness  is  by  no  means  limited  to  work  of  that  kind.  The  cor- 
rections to  determine  the  actual  candlepower  are  easily  made, 
and  the  lamp  affords  a  fairly  convenient  method  of  obtaining  a 
basic  standard  for  laboratories  which  lack  the  batteries  and 
acctuate  instruments  which  are  necessary  to  get  dependable 
values  from  electric  standards. 

In  some  cases  the  pentane  lamp  may  thus  serve  as  a  basis  of 
standardization  even  when  it  may  be  found  more  convenient  to 
use  other  working  standards  for  the  actual  tests.  For  example, 
when  a  series  of  measurements  are  made  extending  over  several 
hours  another  source,  such  as  a  kerosene  lamp,  an  Edgerton 
standard,  or  a  gas  mantle  may  be  used  as  a  constant  comparison 
light  at  one  end  of  the  bar,  its  value  being  fixed  by  substituting  a 
pentane  lamp  for  the  test  flame  or  lamp  at  the  beginning  and  the 
end  of  the  series.  An  electric  lamp  kept  at  constant  current 
may  be  used  in  the  same  way  as  a  comparison  light.  This  is 
exactly  what  is  done  in  most  portable  photometers,  and  the  cali- 
bration of  such  photometers  can  be  based  on  a  pentane  lamp  as 
well  as  on  an  electric  standard.  A  modification  of  this  practice, 
which  is  useful  where  tests  for  approximate  values  have  to  be 
made  at  a  number  of  stations,  is  to  provide  for  each  station  a 
portable  standard  unit  consisting  of  a  low-voltage  lamp  and  a 
storage  battery,  the  whole  imit  being  brought  in  at  regular  inter- 
vals for  recharging  and  recalibrating  against  the  pentane  stand- 
ard. Prom  a  ctu^e  showing  the  variation  in  candlepower  with 
time  of  use  for  such  a  unit  one  can  obtain  fairly  satisfactory 
values  without  the  use  of  either  regulating  resistances  or  electrical 
measiuing  instruments.  The  details  of  such  a  system  in  actual 
operation  have  recently  been  described.*  In  using  such  stand- 
ards, as  in  any  case  where  electric  lamps  are  compared  with 

*  H.  L.  F»fiar  Gm  Ace,  tl,  pp.  407-409  (Apr.  15);  19x3. 
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flames,  the  effects  of  humidity  are  important.  The  readings  can, 
however,  be  easily  corrected  for  this  by  the  use  of  such  a  chart  as 
is  given  in  Fig.  3. 

It  is  hardly  necessary  to  give  here  a  long  discussion  of  the  rela- 
tive advantages  of  different  lamps  and  of  the  reasons  which  are 
leading  to  the  common  use  of  the  pentane  lamp  as  a  working 
standard  in  this  cotmtry.  There  are  other  lamps  which  may  be 
used  in  cases  where  their  value  can  be  frequently  checked  or 
where  the  accm'acy  required  is  not  great.  In  some  other  cases, 
especially  where  portability  is  an  important  consideration,  the 
Hefner  lamp  is  to  be  recommended;  by  making  many  measure- 
ments under  favorable  conditions  very  good  results  can  be  ob- 
tained with  it,  but  in  general  its  low  candlepower,  comparatively 
red  light,  extreme  sensitiveness  to  drafts,  and  unsteadiness  at 
temperatures  above  70^  F.  make  it  difficult  to  use.  The  pentane 
lamp  has  the  disadvantages  of  being  large  and  not  easily  portable, 
of  using  fuel  which  is  expensive  and  somewhat  dangerous,  and  of 
requiring  more  air  than  ordinary  ventilation  will  supply.  In 
spite  of  these  faults  its  use  is  increasing,  chiefly  because  it  appears 
to  be  the  only  standard  of  candlepower  now  in  use,  other  than 
incandescent  electric  lamps,  which  can  be  reHed  upon  to  give, 
tmder  the  usual  working  conditions,  the  degree  of  accuracy 
expected  in  present  conunerdal  practice. 

n.  STANDARDIZATION  OF  LAMPS 
1.  mSCBSSITY  OF  PHOTOMETRIC  TEST 

The  necessity  for  standardization  of  each  lamp  by  a  photo- 
metric test  arises  from  the  fact  that  different  lamps,  even  of  the 
same  maker  and  supposedly  of  the  same  type,  show  differences 
in  candlepower  which  are  sometimes  as  great  as  4  per  cent.  The 
construction  is  such  as  to  make  it  difficult  to  determine  after  a 
lamp  is  assembled  whether  it  is  built  exactly  according  to  speci- 
fications. In  fact,  exact  adherence  to  specified  dimensions  might 
not  remove  the  differences  between  lamps  unless  other  conditions 
also  were  definitely  specified.  For  example,  the  castings  used  in 
the  American  lamps  have  a  rough  inner  surface;  this  roughness 


tSS!'^]  ^^  Pentane  Lamp  as  a  Working  Standard  395 

probably  facilitates  the  transfer  of  heat  to  or  from  the  air,  and 
it  may  also  afiFect  slightly  the  flow  of  air  through  the  passages. 
Whatever  may  be  the  cause  of  the  differences  between  lamps,  the 
candlepower  of  the  individual  lamp  is  the  important  thing,  and 
the  logical  test  is  to  determine  the  candlepower.  In  lamps  tested 
at  the  Bureau  details  of  construction  are  not  given  special  atten- 
tion unless  some  part  is  so  made  that  it  appears  to  be  a  possible 
cause  of  variation  in  the  candlepower  of  the  lamp. 

Since  the  lamp  itself  is  only  an  instrument  for  producing  the 
actual  standard,  the  flame,  there  is  little  significance  in  a  value 
given  for  the  lamp  unless  other  factors,  such  as  air  and  fuel,  and 
other  conditions  of  operation  are  known.  The  value  certified  for 
a  lamp  applies  strictly  only  for  its  use  under  conditions  identical 
with  those  under  which  it  was  standardized;  it  may,  therefore,  be 
worth  while  to  particularize  rather  fully  the  method  of  testing 
followed  at  the  Bureau. 

2.  PHOTOMETER  ROOM--^VENTILATION,  SCKBENIN6,  Ain>  APPARATUS 

The  photometer  room  used  hitherto  is  approximately  26  by  18 
by  12  feet.  Ventilation  is  obtained  by  a  tempered  air  heating 
system.  The  ordinary  ventilation  would  not  keep  the  air  suffi- 
ciently pure  if  the  flame  gases  were  allowed  to  escape  into  the 
room,  and  consequently  above  the  lamp  is  htmg  a  hood  2  feet  in 
diameter,  with  an  outlet  into  one  of  the  ventilating  ducts.  The 
draft  into  this  hood  is  just  strong  enough  to  insure  that  all  the 
gases  rising  from  the  lamp  shall  pass  into  the  hood  and  thus  be 
carried  out  of  the  room.  This  arrangement  is  so  effective  that  no 
perceptible  change  in  the  candlepower  of  the  lamps  due  to  vitiation 
of  the  air  occurs  in  several  hours'  continual  btuning.  In  regular 
work,  however,  the  room  is  usually  aired  out  at  least  once  every 
hour. 

The  photometer  room  is  in  a  comer  of  the  building  and  often 
has  troublesome  drafts,  in  consequence  of  which  it  has  been  f otmd 
that  the  performance  of  the  lamps  has  been  improved  by  screening 
them  on  three  sides  and  sometimes  on  all  four  sides.  This  is  done 
by  a  wooden  framework  about  3  feet  long,  2  feet  wide,  and  3  feet 
high,  carrying  a  strip  of  cloth  which  extends  from  the  top  of  the 
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frame  down  to  6  inclies  from  the  bottom,  thtis  allowing  free  access 
of  the  air  from  all  sides  below  the  lamp  but  preventing  any  drafts 
from  striking  the  flame  or  the  circulatory  system  of  the  lamp 
directly.  This  screening  was  adopted  after  many  trials  of  various 
forms  of  inclosure  had  shown  that  in  most  of  them  the  lamps  gave 
values  slightly  different  from  those  obtained  in  the  open,  even 
when  no  vitiation  of  the  air  in  the  inclosure  could  be  detected. 

In  special  tests  of  the  state  of  the  air  a  Zeiss  refractometer  has 
been  used  to  determine  the  quantity  of  CO,  present.  Measure- 
ments of  atmospheric  moisture  are  regularly  made  with  two 
Assmann  psychrometers,  and  of  pressure  by  a  mercury  barometer. 
The  details  of  the  calculation  of  the  moisture  will  be  given  later, 
in  connection  with  the  corresponding  corrections. 

The  photometer  outfit  is  of  the  standard  form  regularly  used  at 
the  Biu'eau,  with  Lummer-Brodhtm  contrast  head  and  a  recording 
device  of  which  a  description  has  been  published.'  The  substitu* 
tion  method  with  constant  intensity  on  the  disk  is  used  as  in  all 
standard  work — ^that  is,  a  constant  ''comparison  lamp"  is  con- 
nected to  the  photometer  head  at  a  fixed  distance  from  it,  while 
the  electric  "working  standards"  and  the  pentane  lamps  under 
test  are  alternately  put  in  on  the  other  side  for  reading. 

3.  ADJUSTMENT  OP  LAMPS 

Before  putting  the  lamp  on  the  photometer  the  chimney  is 
inspected  by  looking  down  through  it  to  see  that  it  is  set  centrally 
over  the  btuner,  and  each  time  the  lamp  is  lighted  the  gauge  is 
applied  to  make  sure  that  the  chimney  is  at  the  proper  height — 
that  is,  47  mm  above  the  burner  when  cold.  The  chimney  sel- 
dom has  to  be  reset,  but  occasionally  one  creeps  slightly  with 
heating  and  cooling. 

In  setting  up  the  lamp  on  the  table  care  is  taken  to  level  it  so  that 
the  chimney  shall  be  vertical.  The  levels  (plumb  bobs  on  later 
lamps)  attached  for  this  piu^wse  are  not  always  exact,  and  this 
leveling  is  done  by  dropping  a  plumb  line  from  the  center  of  the 
top  of  the  chimney,  so  that  the  bob  should  hang  centrally  in  the 

*  G.  W.  MiddldcAuff.  this  Bulletin.  7,  p.  18, 19x0;  and  Blcct.  World.  M,  p.  153.  (July  ax);  x9zo. 
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burner.  The  height  of  the  lamp  is  so  adjusted  that  the  middle  of 
the  flame  is  on  a  level  with  the  center  of  the  photometer  disk. 
The  directions  of  the  Gas  Referees  are  such  as  to  bring  the  bottom 
of  the  chimney  on  a  level  with  the  center  of  the  disk,  and  this 
setting  makes  the  illumination  on  the  disk  follow  the  inverse 
square  law  more  exactly  than  if  the  lamp  is  higher.  The  Ameri- 
can Gas  Institute's  committee  on  taking  candlepower  of  gas  has^ 
however,  recommended  the  other  position,  and  in  order  to  avoid 
confusion  the  Bureau  has  followed  this  recommendation.  The 
lamp  is  usually  placed  so  that  the  axis  of  the  photometer  passes 
through  the  air  tube  as  well  as  through  the  center  of  the  btuner 
and  chimney.  In  some  cases,  however,  on  request,  the  lamps  are 
turned  90^,  so  that  a  plane  passing  through  the  chimney  and  the 
air  tube  is  at  right  angles  to  the  photometric  axis.  No  difference 
has  been  detected  in  the  values  obtained  in  the  two  positions  for 
any  lamp.  In  either  case  the  chimney  is  so  ttuned  that  the  light 
from  the  mica  window  does  not  fall  on  the  photometer  disk  or  on 
the  lamp  standard  or  the  pentane  feed  tube. 

In  measuring  distances  from  the  lamp  the  center  of  the  burner 
is  taken  as  the  point  of  departure.  The  photometric  observations 
are  made  at  a  distance  of  approximately  i  meter.  For  setting  the 
lamp  at  the  proper  point  on  the  scale  it  has  been  found  convenient 
to  follow  the  English  method  of  using  a  rod  having  near  one  end 
a  cylindrical  plug  which  fits  into  the  burner.  This  rod  is  made 
of  such  length  that  the  other  end  just  touches  the  photometer 
head  when  the  center  of  the  burner  is  i  meter  from  the  disk. 
This  fixes  very  exactly  the  point  of  the  scale  which  is  i  meter 
from  the  lamp,  and  a  line  on  the  record  sheet  is  set  at  this  point. 
The  distance  of  the  comparison  lamp  is  then  so  chosen  as  to  make 
the  settings  on  the  pentane  lamp  fall  near  the  Une,  and  in  working 
up  the  sheet  the  distances  of  the  groups  of  points  which  represent 
readings  on  the  lamp  are  measured  from  this  line. 
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4.  OPERATION  OF  LAMPS:  PENTARB,  PLAMB  HEIGHT,  AHB  TIMB  Off 

BURRING 

The  pentane  used  is  tested  with  respect  to  density  and  purity; 
the  effects  of  possible  variation  in  the  fuel  are  so  important  that 
a  later  section  of  this  paper  is  devoted  particularly  to  that 
question. 

The  method  of  controlling  the  flame  height  has  been  the  subject 
of  considerable  difference  of  opinion.  At  the  Bureau  no  difference 
in  candlepower  has  been  found  to  result  from  the  use  of  the 
various  cocks  at  which  regulation  may  be  effected.  Even  whea 
the  saturator  is  entirely  closed  off  from  the  air,  and  the  pressure 
of  the  vapor  in  it  is  allowed  to  run  up  to  9  inches  of  water, 
regulation  of  the  flame  height  being  made  by  a  cock  near  the 
burner,  no  departure  as  great  as  i  per  cent  from  the  normal 
candlepower  occurs.  In  standardizing  the  older  lamps,  in  which 
such  cocks  are  provided,  they  have  been  used.  The  newer  lamps 
do  not  have  these  cocks,  and  flame  height  is  controlled  by  the 
outlet  cock  of  the  saturator,  in  which  case  greater  ease  of  adjust- 
ment is  obtained  by  clamping  a  lever  on  to  the  handle  of  the  cock. 

Another  question  concerning  which  there  are  differences  of 
opinion  is  that  of  the  proper  flame  height.  In  English  lamps  the 
top  of  the  flame  should  be  set  at  the  middle  of  the  lower  mica 
window,  about  27  mm  above  the  bottom  of  the  chimney.  The 
lamps  are  so  proportioned  that  with  this  height  of  flame  the 
candlepower  is  near  its  maximum,  and  a  small  shift  up  or  down 
makes  very  little  change  in  candlepower.  This  is  shown  in  curve 
E  of  Fig.  I,  where  abscissas  are  candlepowers  and  ordinates  are 
heights  of  flame  in  the  chimney.  The  effect  of  personal  error  in 
judgment  of  height  of  flame  is  thus  made  very  small. 

The  American  makers  have  placed  the  crossbar  of  the  window 
lower,  and  direct  that  the  flame  be  set  with  the  tips  at  the  top  of 
the  bar,  which  is  about  22  nun  above  the  bottom  of  the  chimney. 
As  is  shown  in  curve  A  of  Fig.  i,  this  is  not  high  enough  to  give 
the  maximum  candlepower,  and  at  this  height  small  changes  cause 
relatively  large  variation  of  candlepower. 
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At  the  Bureau  it  has  been  considered  important  to  retain  the 
advantage  given  by  using  the  maximum  candlepower,  and  inci- 
dentally to  adhere  to  the  original  manner  of  operating  the  lamps. 
The  practice  has  therefore  been  definitely  adopted  of  first  deter- 
mining the  height  of  flame  which  gives  the  maximum  candlepower 
for  a  given  lamp,  and  then 
standardizing  the  lamp  with 
the  flame  at  that  height. 
With  American  lamps  the 
maximum  is  usually  ob- 
tained when  the  top  of  the 
flame  is  nearly  a  centimeter 
above  the  bar.  A  line  is 
marked  on  the  window  to 
show  the  height  used,  and 
the  fact  is  stated  in  the 
certificate  furnished  with 
the  lamp.  The  candle- 
power  thus  obtained  is  usu- 
ally from  one-half  per  cent 
to  I  per  cent  higher  than 
would  be  given  if  the  flame 
were  set  to  the  top  of  the 
bar. 

The  necessity  of  waiting  a 
sufficient  time  after  lighting 
the  lamps  before  making 
measurements  was  empha- 
sized in  the  earlier  papers, 
where  cmves  were  given 
showing  the  variation  of 
candlepower  with  time 
after  lighting  for  English  and  American  lamps.  It  is  important 
to  note  that  the  candlepower  rises  rapidly  at  first,  going  above 
the  normal,  and  then  settles  back  to  a  fairly  constant  value.  Con- 
siderable attention  has  been  given  to  the  measurement  of  the 
variations  in  temperattu-e  in  various  parts  of  the  lamp  which 
accompany  these  changes  in  candlepower.    The  details  of  the 
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Fig.  1. — Variation  of  candkpower  of  pentane  lamps 
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measurexnents  will  not  be  given  here,  but  it  may  be  said  that  they 
have  strengthened  the  conviction  that  most  of  the  change  in 
candlepower  caused  by  variation  in  conditions  of  operation  may 
be  attributed  to  the  air  circulating  system  and  the  variations  in 
the  flow  of  air  which  arise  from  changes  in  the  relative  tempera- 
tures of  parts  of  the  lamp.  There  is  a  slow  change  of  temperature 
for  a  considerably  longer  time,  but  the  candlepower  is  practically 
constant  after  30  minutes  in  the  case  of  the  old  style  American 
lamps  and  after  20  minutes  with  the  newer  lamps.  The  excess  of 
the  maximum  over  the  final  candlepower  is  about  3  per  cent  and 
2  per  cent,  respectively,  for  the  two  types.  Lamps  of  the  English 
t3rpe  run  from  i  per  cent  to  i}4  per  cent  high  at  the  maximum  and 
may  be  considered  constant  after  1 5  minutes  burning.  The  smaller 
heat  capacity  of  these  lighter  lamps,  which  allows  them  to  reach 
a  steady  state  sooner,  seems  also  to  make  them  more  susceptible 
to  variations  caused  by  changing  drafts. 

5.  BASIS  OF  STAin>ARDIZATION 

The  fundamental  unit  in  terms  of  which  lamps  are  certified  is 
the  international  candle  ^  as  maintained  by  the  primary  electric 
standards  of  the  Bureau.  The  standards  actually  used  in  tests 
are  a  group  of  seven  carbon  lamps  operated  at  low  voltage  so  as 
to  match  the  pentane  in  color.  Since  the  flame  is  much  redder 
than  the  ordinary  electric  standards  the  calibration  of  these 
special  standards  has  taken  considerable  labor  to  insure  that  no 
important  error  be  introduced  because  of  this  color  difference. 
The  group  has  been  compared  with  the  Bureau's  regular  working 
standards  in  three  series  of  measurements  by  a  number  of  different 
observers,  tmder  the  direction  of  Dr.  Middlekauff,  and  the  average 
values  have  been  as  follows: 

Candlepower 

1911 4.98 

1912 4.98 

1913 4.97 

It  appears  therefore  that  the  imcertainty  in  the  value  of  these 
standards  can  not  be  very  great.  As  a  check  on  their  permanence 
another  group  carefully  compared  with  them  is  preserved  and 

*  Bureau  of  Standaids  Circular  No.  xs. 
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used  only  for  checking  the  working  standards.  A  similar  group 
has  also  been  prepared  to  be  sent  to  England  in  order  to  obtain 
a  direct  comparison  between  the  standards  of  the  National 
Physical  Laboratory  and  those  of  the  Bureau  operated  at  the 
color  of  the  pentane  flame. 

To  obtain  the  normal  candlepower  of  the  flame  corrections  are 
made  for  the  effects  of  atmospheric  moisture  and  pressure.  These 
corrections  will  be  considered  in  a  separate  section,  since  they 
must  be  used  whenever  it  is  desired  to  obtain  absolute  candle- 
power  values  with  a  flame  standard.  As  a  check  against  the 
introduction  of  errors  by  other  conditions,  such  as  poor  ventilation, 
which  might  affect  the  flames  but  not  the  electric  standards,  a 
pentane  lamp  of  known  candlepower  is  always  included  in  test 
runs. 

6.  NUMBER  OP  MEASUREMENTS 

The  number  of  measurements  made  on  each  test  lamp  in  the 
course  of  standardization  depends  somewhat  on  the  consistency 
of  the  results  obtained.  Usually  each  lamp  is  placed  on  the  pho- 
tometer about  six  times,  and  each  time  4  measurements  are  made, 
each  consisting  of  25  to  40  settings  of  the  photometer.  The 
candlepower  for  each  measurement  is  worked,  up  separately,  and 
if  the  average  deviation  of  these  values  from  the  final  mean  is  not 
materially  greater  than  one-half  per  cent,  and  the  values  obtained 
for  the  check  lamp  run  in  the  test  are  also  normal,  the  test  is  con- 
sidered satisfactory.  If  these  conditions  are  not  fulfilled,  ftuther 
measurements  are  made  until  it  is  believed  that  the  mean  candle- 
power  of  the  lamp  is  sufSiciently  well  determined.  The  candle- 
power  is  certified  to  the  nearest  tenth  of  a  candle  unless  the  average 
of  test  results  falls  very  nearly  halfway  between  tenths,  in  which 
case  a  subscript  5  is  given  in  the  hundredths  place;  this  is  written 
as  a  subscript  to  indicate  that  it  is  considered  not  as  definitely 
established  but  merely  as  representing  the  average  of  test  results. 

7.  ACCURACY  OF  VALUES 

With  aU  the  precautions  taken  it  is  beUeved  that  the  values 
certified  for  the  lamp  are  correct  within  i  per  cent;  that  is,  that 
under  similar  conditions  the  lamps  should  give  average  results 
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within  I  per  cent  of  those  certified.  It  has  occasionally  happened 
that  a  second  test  on  a  lamp  has  given  a  result  fully  i  per  cent 
different  from  the  value  originally  certified.  The  result  obtained 
from  a  single  time  on  the  photometer  sometimes  departs  as  much 
as  2  per  cent  from  the  mean,  but  the  maximum  deviation  is 
seldom  as  great  as  this.  As  for  the  permanence  of  the  calibra- 
tion no  evidence  has  been  obtained  indicating  any  appreciable 
change  with  time.  For  the  Bureau's  two  Chance  lamps,  which 
are  regularly  used  as  checks  on  tests,  the  average  candlepowers 
fotmd  in  1910  were  9.87  and  9.89;  the  averages  for  the  first  six 
months  of  1913  have  been  9.90  and  9.87. 

Conditions  in  different  laboratories  are  not  likely  to  be  exactly 
the  same,  and  in  order  to  depend  on  rq)roducing  values  in  different 
places  as  closely  as  i  per  cent  one  would  probably  need  to  give 
some  care  to  reproducing  conditions  of  operation.  It  would 
seem,  however,  that  imder  any  reasonably  good  conditions  the 
difference  ought  to  be  well  within  2  per  cent,  for,  using  good 
pentane  and  correcting  for  atmospheric  moisture  and  pressure, 
it  is  difficult  to  produce  that  much  variation  in  candlepower  by 
any  intentional  change  of  conditions  except  vitiation  of  the  air 
or  incorrect  flame  height. 

m.  GENERAL  DIRECTIONS  FOR  USE  OF  PENTANE  LAMPS 

It  is  hardly  practicable  to  give  here  detailed  directions  as  to  the 
exact  procedtire  to  be  followed  in  any  case,  but  attention  may  be 
called  in  a  general  way  to  some  precautions  which  should  be  taken 
in  using  the  lamps.  Many  of  the  details  of  adjustment  and  oper- 
ation which  have  already  been  discussed  will  be  merely  mentioned 
here.  The  best  results  will  presumably  be  obtained  by  following 
the  same  methods  in  operating  a  lamp  as  were  used  in  standardizing 
it.  If  the  lamp  to  be  used  has  been  standardized  at  the  Btu-eau, 
a  reference  to  the  preceding  pages  will  answer  most  questions  as 
to  proper  procedure.  If  the  value  of  the  lamp  has  been  assigned 
by  another  laboratory,  such  questions  should  usually  be  referred 
to  that  laboratory. 
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L  VENTILATION  AND  EFFECTS  OF  VITUTION  OF  AJOEt 

Since  all  flames  depend  upon  combustion  it  is  to  be  expected 
that  their  intensity  will  vary  with  the  proportion  of  oxygen  and 
of  other  constituents  in  the  air  supplied  to  the  gaseous  fuel  of  the 
flame.  To  maintain  a  flame  in  a  constant  condition  requires, 
therefore,  not  only  uniform  fuel,  but  also  a  uniform  proportion  of 
oxygen  in  the  air  supplied  to  the  flame.  Good  ventilation  is  con- 
sequently desirable  for  all  work  with  flames,  and  is  indispensable 
where  lamps  of  other  kinds  are  to  be  compared  with  a  flame 
standard.  The  quantity  of  air  which  must  be  supplied  depends 
largely  on  the  size  and  number  of  flames  in  the  room  and  also  on 
the  method  of  ventilating.  The  flames  themselves  set  up  currents 
of  air,  and  if  possible  these  currents  should  be  utilized  to  remove 
immediately  from  the  room  all  the  vitiated  air  coming  from  the 
lamps.  A  hood  placed  above  the  photometer  with  a  rising  pipe 
to  lead  the  warm  air  out  of  the  room  is  most  effective. 

If  the  gases  from  the  flames  are  allowed  to  diffuse  into  the  room 
and  are  simply  diluted  by  the  air  entering,  a  much  larger  amount  of 
fresh  air  will  be  needed.  In  such  a  case  it  has  been  estimated  * 
that  to  keep  the  carbon  dioxide  content  of  the  air  down  to  6  parts 
in  10  000,  3000  cubic  feet  of  fresh  air  per  hour  must  be  supplied 
for  each  person  in  a  room.  A  committee  of  the  American  Gas 
Institute  *  has  on  this  basis  estimated  that  36  900  cubic  feet  of 
air  per  hour  should  be  supplied  for  a  photometer  room  where  two 
persons  work  with  a  pentane  lamp  and  a  5-foot  gas  flame,  since 
in  the  production  of  carbon  dioxide  the  gas  flame  is  approximately 
equivalent  to  six  persons  and  the  pentane  lamp  to  four. 

In  a  room  where  air  enters  at  the  bottom  and  escapes  at  or  near 
the  top  the  quantity  estimated  as  above  (about  12  000  cubic  feet 
per  hour  for  a  pentane  lamp)  is  probably  ample  for  any  purpose, 
and  if  care  is  taken  to  allow  direct  escape  of  the  flame  gases  a  much 
smaller  amotmt  is  sufficient. 

Some  caution  is  necessary  in  making  calculations  based  on  the 
quantity  of  carbon  dioxide  in  the  air.     Experimental  determina- 

*  Kent:  Mech.  Bag*  Focketbook,  19x3  ed.,  p.  634-       '  Proc.  Amer.  G«s  Inst.,  S,  pp.  48x-48t;  1907. 
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tions  of  the  effect  on  flames  have  sometimes  been  made  by  adding 
carbon  dioxide  to  the  air,  and  it  must  be  remembered  that  the 
dilution  of  the  air  by  a  quantity  of  added  CO,  has  relatively  little 
effect  as  compared  with  the  conditions  arising  when  the  same  amount 
is  formed  in  the  process  of  combustion,  using  up  the  oxygen  of  the 
air.  In  the  formation  of  5  cubic  feet  of  CO,  by  the  combustion 
of  pentane,  for  example,  8  cubic  feet  of  oxygen  are  used.  Since 
the  abstraction  of  i  cubic  foot  of  oxygen  has  practically  the  same 
effect  on  the  composition  of  the  air  as  the  addition  of  5  cubic  feet 
of  inert  gas,  it  is  evident  that  the  reduction  in  the  amount  of  the 
active  oxygen  is  of  much  greater  importance  than  the  increase 
in  the  diluting  gases.  The  effect  produced  on  the  Hefner  lamp 
by  adding  i  part  of  CO,  to  1000  of  air,  according  to  Liebenthal/ 
is  a  reduction  of  0.7  per  cent  in  the  candlepower,  but  the  generation 
of  the  same  proportion  of  CO,  by  combustion  and  breathing  in  a 
room  has  been  found  *  to  be  accompanied  by  a  decrease  of  2.2  to  3 
per  cent  in  the  Hefner,  the  pentane  lamp,  and  other  flames.  In 
general,  the  effect  depends  on  the  manner  of  production  of  the 
CO,,  since  the  greater  part  of  the  decrease  is  due  not  to  the  presence 
of  CO,  but  to  a  deficiency  of  oxygen.  Determinations  of  the  amount 
of  CO,  in  the  air,  consequently,  do  not  ftunish  sufficient  data  for 
exact  correction  for  vitiation  of  the  air,  but  are  useful  in  that  they 
enable  one  to  judge  the  effectiveness  of  the  ventilation. 

In  many  cases,  however,  determinations  of  CO,  are  not  practi- 
cable and  the  effectiveness  of  the  ventilation  must  be  judged  by 
other  means.  When  facilities  are  available  for  setting  an  electric 
lamp  repeatedly  to  the  same  current  a  direct  test  can  be  obtained 
by  making  a  series  of  measurements  of  the  electric  lamp  against 
the  pentane  and  finding  whether  the  latter  shows  a  gradual 
decrease  after  it  should  have  reached  a  constant  value.  Another 
test  which  is  as  definite  as  determination  of  the  carbon  dioxide 
and  far  more  easily  carried  out  is  afforded  by  careful  meastuement 
of  the  humidity,  for  the  processes  which  use  up  oxygen  add  water 
as  well  as  CO,  to  the  air.    If  the  water  vapor  regularly  increases 

'  Zs.  f.  Instrumentenlmnde,  li»  p.  159;  1895* 

*C.  C  Patenon,  Collected  Rcseaicfacs,  Natkoal  Phyt.  Lab..  S,  p.  49;  x9o8.  Butteifieid,  Haldanc;  and 
Trotter.  Jour.  Gas  Uskt,  116.  p.  990,  J9"t  ^od  Amcr.  Gas  Ught  Jour.,  M,  p.  145. 191X;  also  impubliilicd 
tests  ol  Biirean  of  Standards. 
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by  an  appreciable  amount  during  the  operation  of  the  lamp,  the 
ventilation  is  not  satisfactory.  An  increase  of  i  liter  of  water 
vapor  per  cubic  meter  of  air,  when  caused  by  poor  ventilation,  is 
quite  regularly  accompanied  by  such  vitiation  as  to  cause  about 
2  per  cent  decrease  in  the  candlepower  of  flames,  in  addition  to 
the  0.6  per  cent  decrease  caused  by  the  water  vapor  itself. 

In  designing  ventilating  inlets  ample  capacity  should  be  provided 
to  allow  a  slow  flow  of  air  into  the  room  in  order  to  avoid  drafts 
which  would  cause  unsteadiness  of  the  flame.  Similarly,  if  a 
hood  is  used  as  recommended,  the  outlet  must  be  so  arranged  that 
the  flow  of  air  into  the  hood  shall  not  be  too  vigorous.  Troublesome 
drafts  are  apt  to  arise  if  the  walls  of  the  photometer  room  differ 
much  in  temperature  from  the  air.  It  is  therefore  desirable  that 
none  of  them  shall  be  exterior  walls  of  the  building.  If  such  walls 
are  unavoidable,  they  should  be  either  jacketed  with  noncon- 
ducting material  or  covered  by  a  fake  wall  with  an  air  space. 
If  possible,  the  room  should  be  so  free  from  drafts  that  the  flame 
will  bum  steadily  without  other  protection  than  the  necessary 
photometric  screens.  If  further  protection  from  drafts  is  neces- 
sary, a  screen  of  the  form  described  on  page  395  should  be  used. 

2.  PREPARATION  OP  LAMP 

In  preparing  the  lamp  for  use  one  should  observe  the  following 
details:  Centering  of  chimney  over  the  burner,  height  of  the 
chimney  above  the  burner,  direction  in  which  the  mica  window  is 
turned,  amotmt  of  pentane  in  the  saturator,  height,  orientation, 
and  leveling  of  the  lamp,  and  its  distance  from  the  middle  point 
of  the  bar  or  some  other  definite  point  on  the  scale.  It  is  advisa- 
ble, at  least  in  the  beginning,  to  check  the  last  two  adjustments 
by  direct  measurement,  as  described  on  pages  396  and  397.  If 
then  the  plumb  bobs  (or  the  level  and  bob)  are  found  to  be  correct, 
they  may  be  used  thereafter. 

The  saturator  shotild  be  from  one-third  to  two-thirds  full  of 
pentane  at  starting,  and  the  height  of  the  liquid  as  seen  against 
the  window  of  the  saturator  should  never  be  less  than  3  mm  (one- 
eighth  of  an  inch) .  Since  pentane  is  very  volatile  and  inflamma- 
ble,  and  the  heavy  vapor  flows  downward,  it  is  extremely  haz- 
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ardous  to  fill  a  lamp  while  it  is  btiming.  This  should  never  be 
attempted  tmder  any  circumstances,  and  it  should  be  an  inviola- 
ble rule  of  the  laboratory  that  no  pentane  in  an  open  vessel  be 
brought  near  any  flame. 

Immediately  before  the  lamp  is  lighted  the  height  of  the  chimney 
should  always  be  tested  with  the  gauge,  and  occasionally  the 
gauge  itself  shotdd  be  measured  to  see  that  it  remains  47  mm  long. 

3.  OPERATION 

To  light  the  lamp  open  first  the  saturator  inlet  cock,  then  hold- 
ing a  lighted  match  over  the  burner  open  the  outlet  cock  gradually. 
If  the  lamp  has  a  regulating  cock  near  the  burner,  the  saturator 
cocks  may  both  be  opened  and  the  flame  controlled  by  this  regu- 
lating cock.  If  no  such  cock  is  provided,  the  saturator  outlet 
cock  is  used  for  regulation.  Usually  on  opening  the  cocks  the 
vapor  will  flow  so  that  the  lamp  will  light,  but  it  is  sometimes 
necessary  to  start  the  flow  of  vapor  by  blowing  gently  into  the 
satiu'ator  inlet.  Sometimes  also  the  lamp  at  first  bums  with  a 
small  blue  flame  because  the  heavy  vapor  has  flowed  down  into 
the  burner  and  prevents  the  normal  circulation  of  air  from  start- 
ing. If  this  happens,  shut  off  the  cocks,  and  blow  up  into  the 
outer  chimney  to  start  the  air,  keeping  below  the  burner  to  avoid 
the  small  burst  of  flame  which  may  restdt  if  the  flame  has  not 
entirely  died  out  in  the  tip.  The  lamp  will  then  light  normally. 
After  it  is  lighted  see  that  the  conical  hood  around  the  flame  is  so 
placed  that  the  whole  flame  is  visible  from  the  photometer  disk. 

The  flame  shotdd  be  kept  at  approximately  the  correct  height, 
and  no  meastirements  should  be  made  until  the  lamp  has  burned 
15,  20,  or  30  minutes,  according  to  whether  it  is  of  the  English 
type  or  of  the  new  or  old  American  forms.  Unless  otherwise 
specifically  stated  in  the  lamp  certificate  for  the  American  lamps 
the  proper  flame  height  is  obtained  when  the  tips  are  just  above 
the  crossbar  of  the  window,  while  in  English  lamps  the  flame 
should  extend  halfway  up  the  lower  window.  As  already  stated, 
American  lamps  standarcUzed  recently  at  the  Bureau  of  Standards 
have  a  line  on  the  window  to  which  the  top  of  the  flame  is  to  be 
set.    After  the  lamp  has  burned  a  few  minutes  such  changes  in 
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flame  height  as  occur  are  gradual,  and  except  in  the  most  careful 
work  it  is  not  necessary  to  have  a  special  observer  to  watch  the 
flame. 

The  lamp  is  extinguished  by  shutting  off  the  saturator  cocks. 
When  it  is  not  in  use  both  cocks  should  be  kept  closed,  and  a  cap 
should  be  placed  over  the  burner  to  prevent  injury  to  it  or  the 
collection  of  dust  in  the  passages.  All  parts  of  the  lamp  should 
be  kept  well  blackened. 

IV.  PENTANE— PREPARATION,  TESTING,  AND  USB 

1.  PREPARATION  Ain>  TBSXniG 

The  directions  of  the  Gas  Referees  for  the  preparation  and  test- 
ing of  pentane  are  as  follows: 

PreparcUion. — ^Light  American  petroleum,  such  as  is  known  as  Gasoline  and  used 
for  making  air-gas,  is  to  be  further  rectified  by  three  distillations,  at  55^  C,  50^,  and 
45^,  in  succession.  The  distillate  at  45^  is  to  be  shaken  up  from  time  to  time  during 
two  periods  of  xiot  less  than  three  hours  each  with  one-tenth  its  bulk  of  (i)  strong 
sulphuric  acid,  (3)  solution  of  caustic  soda.  After  these  treatments  it  is  to  be  again 
distilled,  and  that  portion  is  to  be  collected  for  use  which  comes  over  between  the 
temperatures  of  35^  and  40^.  It  will  consist  chiefly  ai  pentane,  together  with  small 
quantities  of  lower  and  higher  homologues  whose  presence  does  not  affect  the  light  of 
the  lamp. 

Testing, — ^The  density  of  the  liquid  pentane  at  15^  C.  should  xiot  be  less  than  0.6335 
nor  more  than  0.636  as  compared  with  that  of  water  of  maximum  density.  The 
density  of  the  pentane  when  gaseous,  as  compared  with  that  of  hydrogen  at  the  same 
temperature  and  under  the  same  pressure,  may  be  taken.  This  is  done  most  readily 
and  exactly  by  Gay  Lussac's  method,  under  a  pressure  of  about  half  an  atmosphere 
and  at  temperatures  between  35^  and  35^.  The  density  of  gaseous  pentane  should 
lie  between  36  and  38. 

Any  admixture  with  pentane  of  hydrocarbons  belonging  to  other  groups  and  having 
a  higher  photogenic  value,  such  as  benzene  or  amylene,  must  be  avoided.  Their 
presence  may  be  detected  by  the  following  test:  Bring  into  a  stoppered  4-ounce 
bottle  of  white  glass  10  cc  of  nitric  acid,  specific  gravity  1.33  (made  by  diluting  pure 
nitric  acid  with  half  its  bulk  of  water);  add  z  cc  of  a  dilute  solution  of  potassium 
permanganate,  containing  o.z  gram  of  permanganate  in  300  cc.  Four  into  the  bottle 
50  cc  of  the  sample  of  pentane,  and  shake  strongly  during  five  successive  periods  of 
30  seconds.  If  no  hydrocarbons  other  than  paraffins  are  present,  the  pink  colour, 
though  somewhat  paler,  will  still  be  distinct;  if  there  is  an  admixture  of  as  much  as 
one-half  per  cent  of  amylene  or  benzene,  the  colour  will  have  disappeared. 

For  the  benefit  of  those  who  are  not  chemists  it  shotdd  be  said 
that  this  last  test  should  always  be  preceded  by  a  blank  test  to 
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check  the  purity  of  the  reagents,  for  if  the  nitric  acid  is  not  pure 
it  will  decolorize  the  permanganate.  The  add  should  be  kept  in 
the  dark  to  avoid  deterioration. 

The  pentane  used  at  the  Bureau  is  tested  with  respect  to  purity 
and  density  of  the  liquid.  The  density  is  conveniently  deter- 
mined by  a  hydrometer  canying  a  thermometer.  The  correction 
for  temperature  is  important,  being  about  o.ooi  per  d^;ree 
centigrade  or  0.00055  P^  d^ree  Fahrenheit. 

2.  CHANGE  DURING  USB,  AND  CORRBCTION  DBTBRMXNSD  BT  DBNSIXT 

In  the  sealed  ether  cans  in  which  pentane  is  now  purchased  no 
difiGiculty  has  been  found  in  keeping  a  supply  which  fulfills  the 
specifications  when  the  cans  are  opened,  but  the  more  rapid 
evaporation  of  the  lighter  fractions  raises  the  density  as  the  fuel 
is  consumed  in  the  lamp.  It  is  quite  impracticable  to  work  with 
pentane  within  the  limits  prescribed,  for  the  density  is  certain 
to  be  too  high  before  one-tenth  of  the  pentane  is  consumed;  in 
fact,  the  density  usually  reaches  0.635  when  a  little  over  half 
has  been  used. 

The  directions  of  the  London  Gas  Referees  are  to  empty  the 
saturator  completely  at  least  once  a  month  when  three  tests  daily 
are  made,  but  this  appears  to  be  decidedly  too  long  a  period. 
The  residue  of  higher  density  gives  a  slightly  higher  candlepower 
than  the  fresh  pentane.  Whenr  repeated  additions  of  fresh  fuel 
are  made,  and  the  accumulated  residue  remains  in  the  lamp,  a 
mixture  is  obtained  such  that  an  appreciable  change  in  candle- 
power  may  occur  in  a  relatively  short  time.  It  therefore  appears 
desirable  to  empty  the  saturator  after  it  has  been  replenished 
only  three  or  four  times.  It  is  not  necessary,  however,  to  discard 
the  portions  emptied  out;  if  these  are  collected  and  not  mixed 
with  fresh  pentane,  fairly  reliable  results  can  be  obtained  by  using 
the  residues  thus  collected,  making  a  suitable  correction  deter- 
mined by  the  density.  Considerable  attention  has  been  given  to 
the  determination  of  such  a  correction,  and  the  results  of  the 
measurements  made  are  shown  in  Pig.  2.  The  relation  between 
candlepower  and  density  is  probably  not  really  linear,  but  for 
present  purposes  may  be  assumed  so.     It  will  be  seen  that  the 


Taylor 


]  The  PetUane  Lamp  us  a  Working  Standard 


409 


change  in  candlepower  averages  about  i  per  cent  for  an  increase 
of  o.oi  in  the  density  of  the  fuel.  Samples  of  pentane  from 
dififerent  sources  which  have  been  initially  high  in  density  have 
also  given  results  agreeing  fairly  well  with  this  rule.  Consequently, 
it  appears  to  be  allowable  to  apply  such  corrections  in  many  cases 
where  the  expense  for  pentane  can  thus  be  cut  down  materially 
without  any  considerable  sacrifice  of  accuracy. 

In  the  standardization  of  lamps  at  the  Bureau  the  pentane  used 
is  always  kept  below  0.635  ^  density.    The  values  certified  may 
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DENSITY  OF  PENTANE  AT  16*0.  {JiHTf.) 

Pig.  2. —  Variation  of  candlepowtr  of  pentaw  lamps  with  density  of  pentane 

therefore  be  considered  as  correct  for  a  density  of  0.630.  No 
correction  need  be  made  for  pentane  below  0.635,  ^^t  above  that 
density  correction  is  desirable.  For  example,  if  the  pentane  used 
runs  up  to  0.650,  the  candlepower  obtained  is  presumably  2  per 
cent  above  that  certified  for  the  lamp,  and  this  density  is  likely 
to  be  reached  if  a  gallon  of  pentane  is  used  without  removing  the 
residue  from  the  saturator. 

It  should  be  noted  that  the  above  discussion  refers  to  pentane 
which  is  initially  fairly  pure,  as  shown  by  the  permanganate  test. 
If  the  fresh  pentane  contains  impurities,  these  are  usually  con- 
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centrated  by  the  fractional  distiUation  in  the  lamp,  and  the  restdt 
may  be  an  increase  in  candlepower  greater  than  that  given  above. 

V.  BFFBCTS  OF  ATMOSPHERIC  CONDITIONS 

It  is  usually  assumed  that  the  effect  of  all  atmospheric  condi- 
tions is  the  same  on  all  flames  and  is  therefore  automatically 
corrected  when  flames  are  compared  with  flames,  but  it  is  some- 
times necessary  to  know  the  amount  of  departure  from  the  normal 
value,  as  when  flame  standards  are  compared  with  electric  lamps. 
The  dependence  of  flame  intensity  on  the  composition  of  the  air 
is  so  complicated  a  matter  that  the  determination  of  exact  cor- 
rections for  vitiation  of  the  air  is  impracticable,  and  when  observa- 
tions are  to  be  reduced  to  normal  values  good  ventilation  is  indis- 
pensable so  that  no  such  corrections  shall  be  needed.  With  pure 
air,  however,  there  are  considerable  variations  in  candlepower 
because  of  variations  in  the  amount  of  moisture  and  in  the 
barometric  pressure. 

1.  TBMFERATURB 

Temperature  might  also  be  expected  to  affect  the  pentane  lamp 
appreciably,  but  nearly  all  investigators  have  agreed  that  within 
the  usual  laboratory  range  it  does  not  do  so.  In  the  work  at  the 
Bureau  there  has  so  far  been  available  no  means  of  changing 
temperature  and  humidity  independently,  and  the  effects  of  the 
two  can  not  be  separated  with  certainty.  The  results  obtained 
can  be  represented  about  equally  well  by  assuming  that  tempera- 
ture has  no  effect  or  by  making  a  small  correction  for  temperature 
and  using  a  correspondingly  different  factor  for  water  vapor.  In 
accordance  with  the  usual  custom  the  former  practice  will  be 
followed,  and  the  present  discussion  will  be  limited  to  the  effects 
of  barometric  pressure  and  of  water  vapor. 

2.  BAROMBTRIC  PRESSURE 

In  general,  flames  give  less  light  when  the  barometric  pressure 
is  low,  but  the  effects  on  different  sorts  of  lamps  are  markedly 
different.  For  the  lo-candlepower  pentane  lamp  a  change  of  0.6 
per  cent  per  centimeter  (1.5  per  cent  per  inch)  was  found  at  the 
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Physikalisch-Technische  Reichsanstalt,*  while  the  result  obtained 
at  the  English  National  Physical  Laboratory  ^^  is  0.8  per  cent  per 
centimeter  (2  per  cent  per  inch),  and  more  recent  work"  in 
England  has  verified  the  latter  value  for  pressures  near  the  normal. 
Various  determinations  at  the  Bureau  have  not  been  consistent, 
chiefly  because  of  the  small  range  of  pressure  obtained.  The 
results  for  the  determinations  which  should  have  been  most 
reliable  have  varied  from  0.6  to  0.8  per  cent,  and  consequently  the 
English  value,  0.8  per  cent  per  cm.  has  been  used."  The  chart  of 
deviations  given  in  Fig.  3  is  plotted  on  this  basis. 

3.  WATER  VAPOR 

Water  vapor  in  the  air  lowers  the  intensity  of  the  flame;  the 
effect  has  been  found  to  be  proportional  to  the  amount  of  water 
present.  This  amount  is  expressed  in  liters  {h)  of  water  vapor 
per  cubic  meter  of  dry  air;  in  other  words,  in  parts  of  water  vapor 
per  1000  parts  of  dry  air.  The  pressure  (e)  of  the  water  vapor 
is  determined  by  means  of  a  hygrometer  (preferably  of  the  venti- 
lated type)  using  tables  adapted  to  the  particular  type  of  hygrom- 
eter.    If  the  barometric  pressure  is  represented  by  6, 

A  =  T —  X  1000. 
b—e 

A  normal  value  (n)  for  the  amount  of  water  vapor  must  be 
chosen  more  or  less  arbitrarily.  Then,  if  In  is  the  normal  inten- 
sity of  a  given  flame  (that  is,  the  intensity  when  there  are  n  liters 
of  water  vapor  per  cubic  meter  of  dry  air) ,  the  intensity  /  at  any 
particular  time  is  given  by  the  equation 

/=/JH-(n-A)a]. 

The  normal  proportion  of  water  vapor  has  been  fixed  at  8  liters 
for  the  pentane  lamp;  the  correction  factor  (a)  has  been  several 

*  J.  I.  G«s.  u.  Waner.,  40,  p.  561;  1906. 

>•  Etoctridan  (I<ondon),  58,  p.  751.  1904;  J.  Inst,  of  Elect.  Enc  <8.  p.  171,  1906-7;  J.  Gm  I«isht.,  M, 
P*  93'*  1907;  N.  P.  t,..  Collected  Researches.  8,  p.  49,  X90A. 

"  Biitterfield,  Haldane,  and  Trotter:  J.  Gaa  Lifffat.,  116.  p.  990.  z9xx:  and  Amer.  Gaa  Ught  J..  96.  p.  145. 
191  z. 

>*  In  the  Traaaactions  of  the  IlhnninatJng  Ensineciing  Sodety.  8.  p.  776. 19x0.  it  was  laadTertently  stated 
that  the  factor  0.6  is  used,  when  it  should  have  been  said  that  this  factor  was  obtained  from  the  data  then 
lepoitcd  on* 


412 


Bulletin  of  the  Bureau  of  Standards 


[Vol.  n 


times  determined,  but  the  agreement  between  results  in  different 
laboratories  is  not  close.  These  determinations  were  rather  ftdly 
discussed  in  one  of  the  earlier  articles  mentioned ;  ^'  it  is  sufficient 
to  recall  here  that  the  National  Physical  Laboratory  ^^  found  a  to 
be  0.0066,  whereas  the  Reichsanstalt  ^*  obtained  0.0055,  ^^^  the 
Btnieau  of  Standards  0.0057.  The  more  recent  English  tests" 
have  given  0.00625. 

The  method  of  testing  lamps  at  the  Bureau  furnishes  continual 
data  for  the  redetermination  of  the  correction  factor,  and  com- 
plete calculations  have  been  made  using  the  results  up  to  the 
beginning  of  the  present  year  on  all  lamps  whose  tests  have 
included  a  range  of  5  liters  of  water  vapor  or  more.  To  reduce 
the  labor  of  calculation  the  values  obtained  each  time  a  lamp  is 
placed  on  the  photometer  have  been  grouped  together.  Some 
insignificant  changes  in  the  data  published  in  1 910  have  been  made 
to  correct  for  slight  errors  introduced  by  the  barograph  then  used, 
and  the  revised  results  are  given  in  Part  I  of  the  table  below. 
These  data  include  628  groups  of  sets,  or  about  30  000  individual 
settings  of  the  photometer.  The  data  obtained  from  later  tests 
are  summarized  in  Part  II  of  the  table;  they  represent  about  2300 
groups  of  sets,  or  perhaps  75  000  individual  photometer  settings. 

Water  Vapor  Correction  Factors 
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In  assigning  weights  to  individual  lamps,  allowance  was  made 
both  for  the  number  of  times  on  the  photometer  and  for  the  range 
of  humidity  covered.  Since  ranges  as  small  as  5  liters  were 
included,  giving  a  total  variation  of  only  3  per  cent  in  these  cases, 
and  some  of  the  lamps  were  on  the  photometer  only  six  times, 
the  results  from  individual  lamps  can  not  be  expected  to  agree 
very  closely.  However,  only  two  lamps  gave  a  value  for  a  below 
0.0050,  and  the  highest  value  obtained  was  0.0066.  The  mean 
result  checks  the  former  one  even  more  closely  than  could  be 
expected,  and  there  seems  to  be  no  room  for  doubt  that,  at  least 
in  the  Bureau  laboratory,  the  effect  is  very  definitely  and  con- 
sistently represented  by  a  factor  of  0.57  per  cent  per  liter  of  water 
vapor.  This  factor  has  been  used  in  plotting  the  chart  which  is 
reproduced  in  Fig.  3. 

4.  CHART  OF  DBPARTURBS  FROM  NORMAL  VALUE 

This  chart  has  been  so  plotted  that  the  departure  of  a  lamp 
from  the  normal  value  can  be  read  directly  from  it  when  the  baro- 
metric pressing  and  the  readings  of  the  wet  and  dry  bulb  ther- 
mometers of  a  ventilated  hygrometer  are  known.  The  hygrom- 
eter may  be  either  a  sling  psychrometer  such  as  is  used  by  the 
United  States  Weather  Btueau  or  a  mechanically  ventilated  instru- 
ment like  the  Assmann  psychrometer.  If  an  ordinary  stationary 
hygrometer  is  used,  the  covering  of  the  wet  bulb  should  be  only 
one  thickness  of  very  thin  material,  and  the  reading  should  be 
taken  at  the  lowest  point  to  which  it  can  be  brought  by  vigorous 
fanning. 
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The  curves  at  the  left  of  the  chart  give  the  percentage  deviation 
from  normal  candlepower  which  corresponds  to  given  temperature 
and  wet-bulb  depression  when  the  barometric  pressure  is  normal, 
which  for  the  pentane  lamp  is  760  mm  (29.92  inches).  When  the 
pressure  is  different  from  this  the  additional  deviation  can  be 
found  from  the  curves  at  the  right,  as  follows:  First  read  off  the 
deviation  in  the  regular  way  as  if  the  barometer  were  normal,  and 
note  this;  then  from  this  point  pass  horizontally  across  the  sheet 
to  that  curve  at  the  right  which  represents  the  actual  pressure. 
Vertically  above  or  below  the  point  at  which  this  curve  is  reached 
will  be  found  the  amotmt  to  be  added  to  the  deviation  as  read  from 
the  first  ctu-ves.  This  added  amount  is  made  up  chiefly  of  the 
direct  effect  of  pressure  on  the  candlepower,  but  it  includes  also  a 
proper  allowance  for  the  fact  that  the  amount  of  water  vapor 
which  corresponds  to  a  given  pair  of  bulb  readings  depends  some- 
what on  the  barometric  pressure. 

The  chart  is  plotted  for  the  pentane  lamp,  but  so  far  as  we  know 
it  may  be  applied  to  other  flames  without  introducing  serious 
errors.  It  would  certainly  be  justifiable  to  measure  gas  flames, 
for  instance,  with  electric  standards  and  to  correct  the  observed 
candlepowers  to  obtain  normal  values  according  to  the  chart. 

5.  VARIATIONS  OF  HUMIDITT  IN  THE  UNITED  STATES 

In  order  to  give  some  idea  of  the  amotmt  of  variation  in  water 
vapor  which  occurs  from  season  to  season  data  calculated  from 
the  records  of  the  Weather  Bureau  which  give  the  state  of  the 
outdoor  air  have  been  plotted  in  Fig.  4.  In  general  the  amount 
of  moisture  is  small  in  winter  and  large  in  summer;  the  average 
for  May  and  for  October  is  practically  the  same  as  for  the  whole 
year.  The  variation  from  day  to  day  is  often  great,  especially  in 
the  spring  and  fall,  but  the  monthly  averages  show  considerable 
regularity  from  year  to  year.  The  curves  are  plotted  from  the 
averages  of  observations  for  five  years. 

The  normal  values  of  humidity  adopted  in  Europe  are  lower 
than  the  average  for  nearly  all  parts  of  the  United  States;  conse- 
quently, the  average  of  imcorrected  candlepowers  of  flame  stand- 
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ards  in  this  country  runs  somewhat  lower  than  the  normal 
intensities.  The  following  table  gives  the  average  amounts  of 
water  vapor  at  several  cities  for  the  period  of  five  years  plotted 
in  Pig,  4.     The  last  column  gives  the  corresponding  departure 
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Fig.  4. — A}mrag§  waitr  vapor  contmtt  of  tkt  air  at  various  citits,  1904-1908 

of  a  pentane  lamp  from  its  normal  value,  which  is  practically 
the  percentage  of  difference  between  the  nominal  and  the  actual 
average  candlepower  of  any  source  which  is  measured  by  the  lamp. 

Average  Water  Vapor  and  Pentane  Candlepower  m  the  United  States 
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VI.  SUMMARY 

In  this  paper  we  have  attempted  to  describe  fully  the  method 
of  testing  pentane  lamps  at  the  Bureau  of  Standards,  to  give  brief 
general  directions  for  the  use  of  the  lamps,  to  discuss  more  fully 
the  question  of  fuel,  and  to  furnish  data  on  the  effects  of  pressure 
and  moisture  in  a  form  which  may  be  useful  for  those  who  have 
occasion  to  reduce  observations  on  flames  to  normal  candlepower 
values.  Such  new  data  as  has  been  introduced  has  been  obtained 
in  the  laboratories  of  the  Bureau,  and  our  acknowledgments  are 
due  to  Dr.  Rosa,  under  whose  direction  the  work  has  been  carried 
on,  and  to  Mr.  G.  J.  Schladt,  who  has  assisted  in  most  of  the  tests. 

Washington,  August  2,  191 3. 


TESTING  POTENTIAL  TRANSFORMERS 


By  H.  B.  Bioob 


Hie  ratio  and  phase  angle  of  an  instrument  transformer  may  be 
accurately  determined  by  laboratory  methods.  The  commercial 
importance  of  such  transfonpers  has  stimulated  the  development 
of  accurate  methods  in  recent  years.^  In  many  cases,  however, 
it  is  not  practicable  to  dismount  transformers  and  send  them  to 
a  laboratory,  and  a  method  is  wanted  which,  while  giving  all 
needed  accuracy,  can  be  carried  out  at  the  point  of  installation, 
using  commercial  instruments  and  the  ordinary  supply  voltage. 
Such  a  method  of  testing  potential'  transformers  will  now  be 
described.  No  claim  for  originality  of  principle  is  made,  as  the 
only  novel  feature  is  the  use  of  facilities  which  are  available  in 
any  properly  equipped  a.  c.  power  plant,  in  addition  to  a  potential 
transformer  whose  ratio  and  phase  angle  are  known. 

Briefly,  the  idea  of  the  method  is  as  follows :  From  the  practical 
point  of  view,  an  error  in  ratio  or  phase  angle  which  produces  a 
visible  error  in  the  reading  of  an  indicating  wattmeter  is  an  error 
which  needs  to  be  known,  while  errors  smaller  than  this  are 
negligible.  We  may  therefore  use  an  indicating  wattmeter  in 
such  a  way  that  differences  in  ratio  or  phase  angle  of  an  unknown 
transformer  and  a  standard  transformer  have  the  best  possible 
opporttmity  to  produce  a  deflection.  By  properly  choosing  con- 
ditions, this  deflection  may  be  readily  made  to  give  the  numerical 
values  of  the  quantities  desired. 

^  Roaa  and  Uoyd.  This  bulletin.  €t  p.  z;  1909;  Reprint  Na  zi6.  Agnew  and  Pitdi,  Blec.  World.  M, 
p.  104a;  1909;  Reprint  No.  xjo.  B.  Orlicfa,  Elektrotfrhnifrhe  Zt.,  tO»  pp.  435,  466;  1909.  h.  T.  RobinsQn. 
Timns.  Am.  Inst.  Blec.  Bng.,  S8«  p.  zoos;  1909*  ^-  A.  I^aws,  Blec.  Worid,  M9  p.  aaj;  Z9Z0.  Sharp  and 
Cra^ord.  Trans.  Am.  Inst.  Blec.  Eng.,  M»  p.  isiT,  Z910.  Agnew  and  Silsbce.  Pix>c.  Am.  Inst.  Blec.  Bng .. 
81«  p.  1267;  June  X9za. 

*  There  is  some  discussion  as  to  whether  the  term  "voltage  traniformcr"  should  not  be  used  to  thecacfas* 
rioo  of  the  term  "potential  traiuformer."    At  the  present  time,  both  cacprcssloaa  are  in  use. 
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The  primary  windings  of  the  standard  transformer  and  the 
transformer  to  be  tested  are  connected  to  the  same  supply,  as 
shown  in  Fig.  i .  The  secondary  windings  are  connected  in  series 
so  that  their  voltages  are  opposed.  The  secondary  voltages 
will  be  nearly  equal  and  will  rise  and  fall  in  unison  as  the  line 
voltage  varies.  The  thing  to  be  measured  is  the  difference 
between  the  two  secondary  voltages,  which  difference  in  general 
would  be  only  a  few  volts.  As  the  lower  end  of  the  scale  of  an 
alternating-current  voltmeter  is  practically  useless,   this  small 


Fig.  1. — Diagrammatic  plan  of  cotmacthns  for  potetttiai  transformer  lasting 

voltage  can  not  be  measured  satisfactorily  with  even  a  low-range 
voltmeter.  However,  a  5-ampere  indicating  wattmeter  may 
be  used  as  a  voltmeter  by  separately  exciting  its  current  coiL' 
This  may  be  done  by  passing  5  amperes  through  the  coil  to  a 
lamp  load.  This  exciting  current  mtist  not  be  drawn  from 
either  of  the  two  transformers  whose  ratios  are  to  be  compared, 
but  must  come  from  the  secondary  of  any  other  available  trans- 
former connected  to  the  same  phase  as  the  transformers  tmder 
comparison.  The  current  through  the  series  coil  of  the  wattmeter 
should  be  kept  at  approximately  5  amperes,  but  this  current 

•  A  simiUr  use  of  the  wattmeter  is  described  by  Drysdale,  Blectridan,  67,  p.  7^:  190& 
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needs  to  be  measured  with  only  moderate  accuracy.  The  poten- 
tial circuit  of  the  wattmeter  may  now  be  used  as  a  voltmeter  to 
measure  the  small  difference  in  the  secondary  voltages  of  the 
two  transformers  under  comparison.  For  example,  if  the  watt- 
meter is  made  for  5  amperes,  150  volts,  750  watts,  and  has  a 
150-division  scale,  then  one  division  is  5  watts,  and  will  be  given 
by  5  amperes  in  the  current  coil  and  i  volt  on  the  potential  cir- 
cuit; hence  the  difference  between  the  two  secondary  voltages, 
in  volts,  will  be  shown  by  the  ntunber  of  divisions  deflection  of 
the  wattmeter.  Since  the  ratio  of  good  voltage  transformers 
changes  very  little  with  ordinary  fluctuations  of  line  voltage,  the 
difference  of  the  secondary  voltages  will  be  practically  constant; 
as  the  wattmeter  reading  is  steady  and  can  be  taken  to  one-tenth 
of  a  division,  the  ratio  of  one  transformer  in  terms  of  the  other 
can  be  read  to  i  in  1000.  If  the  wattmeter  has  a  75-volt  range, 
this  may  be  used,  and  the  reading  will  be  doubled;  that  is,  one 
volt  difference  between  voltages  will  give  two  divisions  deflection. 
It  is  obvious  that  with  a  wattmeter  having  a  still  lower  voltage 
range,  say  30  volts,*  the  difference  between  the  secondary  voltages 
could  be  still  more  accurately  read. 

Hie  question  as  to  which  transformer  has  the  greater  ratio  may 
be  easily  answered  from  the  fact  that  increasing  the  noninductive 
load  on  the  secondary  always  lowers  the  secondary  voltage,  and 
thus  increases  the  ratio  of  transformation.  If  the  reading  of  the 
wattmeter  is  up  scale  when  there  is  no  load  on  the  secondary  of  the 
transformer  under  test,  and  if  this  reading  increases  as  successive 
lamps  are  connected  to  the  secondary  of  the  transformer  under 
test,  this  shows  that  at  no  load  the  voltage  of  this  transformer  is 
lower  than  that  of  the  standard  transformer.  Similarly,  if  the 
deflection  is  below  zero  with  no  load,  and  the  addition  of  load 
brings  the  deflection  up  through  zero  to  a  reading  on  the  scale, 
this  shows  that  at  no  load  the  voltage  of  the  transformer  under 
test  is  higher  than  that  of  the  standard  transformer.  In  this  case 
the  voltage  leads  to  the  wattmeter  should  be  reversed  at  the  start 
to  bring  the  readings  on  the  scale;  they  will  decrease  as  load  is 

*  With  this  range,  at  te  cycles,  no  error  due  to  mutual  inductance  enters,  for  two  usual  tsrpes  of  portable 
wattmeter.    It  is  not  advisable,  in  general,  to  reduce  the  range  below  30  volts. 
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gradtially  applied,  and  pass  through  zero,  when  the  leads  may  be 
replaced  in  the  original  position. 

It  is  obvious  that  the  above  method  is  a  suitable  one  for  deter- 
mining the  regulation  of  power  transformers,  by  using  one  trans- 
former of  a  bank  on  no  load  as  the  standard  transformer,  and 
determining  the  drop  of  voltage  of  another  transformer  as  the  load 
on  it  is  increased.  This  method  is  similar  in  principle  to  the  one 
described  by  Drysdale,^  but  differs  in  important  details.  In  his 
method  the  voltage  circuit  of  the  wattmeter  is  connected  to  the 
secondary  of  the  standard  transformer,  and  the  current  coil  of  the 
wattmeter,  with  some  added  resistance,  is  used  as  a  low-range 
voltmeter  to  measure  the  difference  of  the  secondary  voltages. 
The  method  described  in  the  present  article  inverts  these  uses  of 
the  two  coils,  the  current  coil  being  the  one  which  is  separately 
excited,  and  the  voltage  circuit  being  used  as  the  low-range 
voltmeter.  This  has  the  advantage  of  drawing  a  very  much 
smaller  cturent  from  the  transformers  under  comparison,  and  thus 
avoiding  what  might  be  an  appreciable  error  in  the  case  of  small 
transformers. 

If  the  preceding  test  for  ratio  is  made  with  the  primaries  con- 
nected to  one  phase  of  a  two-phase  circuit,  a  determination  of  the 
difference  of  the  phase  angles  of  the  two  transformers  may  then 
be  made  by  connecting  the  wattmeter  series  coil  and  5-ampere 
lamp  load  to  the  other  phase.  Before  doing  this,  the  ratios  of  the 
transformers  should  be  made  equal  by  loading  the  secondary  of 
one  or  the  other  with  lamps  or  other  noninductive  load.*  The 
current  taken  by  this  load  should  be  determined;  if  it  must  be 
applied  to  the  standard  transformer  in  order  to  make  the  ratios 
equal,  the  value  of  phase  angle  of  the  standard  transformer  corre- 
sponding to  the  given  load  may  be  taken  from  a  curve  plotted 
from  the  certified  values.^  The  small  voltage  shown  by  the 
wattmeter  with  its  current  coil  on  the  second  phase  is  a  measure 
of  the  difference  of  the  phase  angles  of  the  two  transformers,  with 
the  given  secondary  loads.     For  example,  suppose  that  the  watt- 

*  Blectrldaii,  65,  p.  644;  19x0. 

*  The  writer  is  indebted  to  Dr.  P.  G.  Afiiew  and  Mr.  P.  B.  Silsbee  for  this  and  other  helpful  suncstioiii. 
'  Sttdi  an  interpolation  i*  tualy  made,  ainoe  the  ratio  and  phaso«n^  curves  of  xMtential  trattsfonners 

are  sensibly  straight  lines. 
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meter  constants  are  those  previously  referred  to,  and  the  1 50- volt 
potential  circuit  is  in  use,  so  that  one  division  deflection  is  given 
by  I  volt  applied  to  the  potential  circuit.  Suppose  the  deflection 
is  0.3  division  when  the  5-ampere  ciurent  in  the  series  coil  is  drawn 
from  the  second  phase  of  the  two-phase  circuit  while  the  primaries 
of  the  two  voltage  transformers  are  on  the  first  phase.  The  0.3 
volt  divided  by  the  secondary  voltage  (say,  no)  of  the  trans- 
former under  test  equals  0.0027.  This  number  is  the  sine  of  the 
small  angle  by  which  the  phase  angles  of  the  two  transformers 
differ.  By  reference  to  a  table  of  natural  sines,*  the  angle  is 
found  to  be  9  minutes.  Hence  o.i  division  of  the  wattmeter 
corresponds  to  3  minutes ;  by  using  the  75-volt  range  of  the  watt- 
meter, 0.1  division  will  correspond  to  1.5  minutes. 

It  remains  to  determine  which  of  the  two  secondary  voltages 
is  leading  the  other.  To  test  this  point,  use  may  be  made  of  the 
fact  that  increasing  a  noninductive  load  connected  to  the  secondary 
of  a  potential  transformer  tends  to  make  the  reversed  secondary 
voltage  lag  behind  the  primary  voltage.  With  the  connections 
made  for  phase-angle  test  as  just  described,  and  the  wattmeter 
reading  0.3  division  up  the  scale,  connect  one  or  more  incandescent 
lamps  to  the  secondary  terminals  of  the  transformer  tmder  test, 
without  disttu-bing  any  of  the  former  connections.  If  the  deflec- 
tion of  the  wattmeter  is  increased,  this  shows  that  a  reading  up 
scale  denotes  that  the  secondary  voltage  of  the  transformer  under 
test  lags  behind  that  of  the  standard  transformer.  If  the  applica- 
tion of  the  lamp  load  to  the  transformer  under  test  sends  the 
wattmeter  reading  down  below  0.3  division,  this  shows  that  a 
reading  up  scale  denotes  that  the  secondary  voltage  of  the  trans- 
former under  test  leads  that  of  the  standard  transformer. 

If  a  2-phase  circuit  is  not  available,  a  3-phase  to  2-phase 
arrangement  of  transformers  may  be  used.  If  this  is  not  conven- 
ient, the  test  for  phase  angle  may  be  made  by  exciting  the  watt- 
meter series  coil  from  another  phase  of  a  3-phase  circuit.  In 
this  latter  case,  however,  the  wattmeter  reading  must  be  multi- 

•  If  a  table  of  natural  unes  is  not  available,  the  angle  (in  minutes)  may  be  obtained  by  multiplying  the 
quotientof  thetwovoitagesby3438;  thus, 0.0027  times  3438  equals  9.+  This  assumes  that  the  sineof  a  small 
angle  is  equal  to  the  angle  CApicssed  in  radians.  For  the  small  phase  angles  of  instrument  transformeis 
this  assumption  introduces  no  appreciable  error. 

35265*»— 14 8 
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plied  by  1 .16  (the  reciprocal  of  0.866)  in  order  to  get  the  deflection 
which  would  be  given  if  test  were  made  on  a  2-phase  Une.  The 
calculation  is  then  made  as  before.  The  phase-angle  test  may  also 
be  made  with  the  series  coil  connected  to  the  third  phase  as  a 
check.  If  the  deflections  are  slightly  different  from  those  obtained 
when  phase  2  is  used,  the  mean  of  the  two  values  may  be  taken. 

Figmie  i  shows  no  connected  load  on  the  secondary  of  the  trans- 
former whose  ratio  and  phase  angle  are  to  be  determined.  How- 
ever, any  desired  load  may  be  connected  to  it  and  the  comparison 
made  in  the  same  way.  The  load  is  simply  connected  to  the  sec- 
ondary terminals  without  disturbing  any  of  the  other  connections. 

To  test  the  acciu'acy  of  the  foregoing  method,  two  5500  to  1 10 
volt  potential  transformers  were  compared  at  three  secondary 
loads.  The  test  was  then  repeated,  using  an  accurate  laboratory 
method.  The  values  for  ratio  by  the  two  methods  agreed  to 
within  0.02,  0.05,  and  0.08  per  cent  for  the  three  loads,  which 
were,  respectively,  light  load,  rated  load,  and  twice  rated  load. 
The  values  of  phase  angle  by  the  two  methods  agreed  to  within 
less  than  half  a  minute.  The  wattmeter  used  was  provided  with 
a  30-volt  potential  range  especially  for  the  test. 

Washington,  February  7, 1914. 
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L  INTRODUCTION 

Of  the  many  electrochemical  reactions  which  may  theoretically 
be  employed  to  determine  the  faraday,  i.  e.,  the  quantity  of  elec- 
tricity associated  with  a  chemical  equivalent  in  any  electrochemical 
change,  that  of  the  deposition  of  silver  from  a  solution  of  silver 
nitrate  is  the  only  one  that  has  been  extensively  investigated. 
The  values  which  have  been  accepted  for  the  f araday  from  time  to 
time  have  almost  entirely  been  based  upon  results  with  the  silver 
voltameter.  This  naturally  resulted  from  the  fact  that  the  inter- 
national ampere  is  defined  in  terms  of  the  silver  deposited  under 
more  or  less  rigorously  fixed  conditions,  and  hence  this  instrument 
has  been  the  subject  of  many  thorough  investigations  both  by  the 
national  standardizing  laboratories  and  by  private  individuals. 

425 
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As  a  result  of  these  investigations  it  has  been  possible  for  the  past 
few  years  so  to  define  the  conditions  to  be  used  in  connections  with 
the  silver  voltameter  that  a  reproducibility  of  i  or  2  parts  in 
100  000  may  be  obtained.  Until  recently  no  other  voltameter 
had  attained  anything  approaching  such  a  degree  of  precision 

A  little  over  a  year  ago,  however,  Washburn  and  Bates  *  pub- 
lished the  results  of  a  study  of  an  iodine  voltameter  which  they  had 
devised  and  which  was  found  to  have  a  reproducibilitv  of  the  same 
order  as  that  of  the  silver  voltameter.  The  apparentlv  complete 
reversibility  and  purity  of  the  electrochemical  reaction  in  the 
iodine  voltameter,  coupled  with  the  fact  that  no  solid  deposit  is 
obtained,  made  it  a  particularly  valuable  reaction  to  employ  for 
determimng  the  f  araday  and  warranted  very  exact  electrical  meas- 
urements.  Since  the  Bureau  of  Standards  had  as  a  result  of  re- 
cent work  on  the  silver  voltameter  exceptional  facilities  for  such 
measurements,  arrangements  were  made  for  the  comparison  dur- 
ing the  stunmer  of  19 13  of  the  silver  and  the  iodine  voltameters 
at  the  Bureau  of  Standards. 

n.  ARRANGEMENTS  FOR  THE  WORK 

So  far  as  the  methods  of  making  the  silver  deposits  and  washing, 
drying,  and  weighing  them  are  concerned,  no  essential  changes 
from  those  previously  employed  *  at  the  Bureau  of  Standards  were 
made.  But  the  methods  of  measuring  the  ctirrent  had  to  be  some- 
what modified  owing  to  the  high  resistance  of  the  iodine  vol- 
tameters and  the  smaller  current  to  be  employed.  An  electromo- 
tive force  of  240  volts  was  used  to  pass  a  current  of  one-fourth  of 
an  ampere  through  the  circuit  containing  the  voltameters  and  the 
ballast  resistance  of  about  400  ohms.  This  necessitated  particu- 
larly high  insulation  owing  to  the  damp  weather  which  is  preva- 
lent in  Washington  in  summer.  Forttmately  this  was  obtainable 
by  mounting  the  galvanometers  and  all  apparatus  on  paraffin  and 
using  paraffin  insulators  to  support  all  wires  pertaining  to  the  cir- 
cuit. The  circuit  is  shown  diagrammatically  in  Fig.  i  The  current 
was  measured  by  means  of  a  Wolflf  potentiometer  (P) ,  and  also  by 
directly  balancing  (B)  the  electromotive  force  of  a  Weston  stand- 
ard cell  (No.  109)  maintained  at  28^  in  oil  against  the  fall  in  poten- 
tial across  two  2-ohm  resistance  standards  (R) ,  through  a  second 
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galvanometer,  similarly  to  the  method  previously  described.*  To 
eliminate  the  errors  of  the  potentiometer,  however,  the  dials  were 
set  to  the  voltage  of  the  cell  as  nearly  as  possible  and  balanced  with 
the  standard  cell  on  the  same  terminals  to  which  the  emf  of  the 
standard  resistance  wsis  applied.  To  facilitate  this  a  double  pole, 
double-throw  switch  (S3)  with  all  joints  soldered  and  embedded 
in  parafiSn  was  used.  Q  is  a  series  resistance  for  quick  adjustment 
of  the  current,  A  is  an  ammeter  for  convenience,  C  the  compen- 
sating resistance  usually  about  590  ohms,  K  is  a  Kelvin  rheostat 
for  fine  regulation,  Si  is  the  main  switch  to  throw  the  current  on  or 
off  through  the  voltameters  V.  As  a  test  of  the  circuit  a  com- 
parison of  the  two  methods  of  measuring  the  current  was  made 
when  the  humidity  was  75  per  cent  and  they  agreed  to  within  2 
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Fig  1, — Tfu  circuit 


parts  in  i  000  000.  All  of  the  experiments  were  made  under 
lower  humidity  conditions,  and,  when  necessary,  refrigerating 
coils  were  used  to  reduce  the  humidity  of  the  room.  A  photograph. 
Fig.  2,  shows  the  voltameters  and  some  of  the  control  apparatus. 
As  the  potassium  iodide  solution  in  the  iodine  voltameters  has  a 
high  temperature  coefl&cient  of  conductivity  and  was  subject  to 
considerable  heating  by  reason  of  its  high  resistance,  some  trouble 
was  anticipated  in  maintaining  the  current  at  constant  value,  but 
this  was  avoided  by  immersing  the  iodine  voltameters  to  a  little 
above  the  V  tube  in  large  water  baths.  At  the  beginning  of  an 
experiment  the  drift  in  current  due  to  heating  in  the  voltameters 
was  rapid  for  about  five  minutes,  after  which  it  decreased  and 
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finally  became  stirprisingly  steady  during  the  greater  part  of  the 
experiment. 

Some  of  the  experiments  were  at  0.25  ampere  for  fom'hours;m 
all  of  these  except  the  first  two  the  cmrent  was  maintained 
constant  during  the  experiment.  In  the  other  experiments  a  cur- 
rent of  0.05  ampere  was  used  for  20  hours  but  the  current  was 
not  measured  against  the  standard  cell  and  resistance.  For  the 
purpose  of  computing  the  value  of  the  f araday  it  is  not  necessary 
to  meastu-e  the  current  by  cell  and  resistance.  It  was,  however, 
deemed  advisable  to  do  so  in  some  cases  at  least  so  that  the  silver 
voltameter  determinations  might  be  connected  with  previous  work 
at  the  Btureau  of  Standards.  For  this  purpose  the  same  standard 
cell  and  resistances  were  again  employed  as  in  the  previous  investi- 
gation. Comparisons  of  these  with  the  standards  maintained  at 
the  Btureau  showed  only  very  slight  changes  to  have  taken  place. 

m.  THB  VOLTAMETBRS 
A.  THB  lODINB  VOLTAMSTBitS 

1.  APPARATUa  AHD  IIAHXPUULTIOH 

The  three  iodine  voltameters  used  were  of  the  same  type  as  those 
previously  employed  by  Washburn  and  Bates.  The  apparatus, 
which  is  shown  in  Fig.  3,  consists  essentially  of  two  upright  limbs 
connected  by  a  V  tube.  At  the  bottom  of  each  limb  is  an  elec- 
trode. The  anodes  consist  of  a  platinum  iridium  alloy,  it  having 
been  found  that  iodine  is  without  appreciable  effect  on  such  an 
electrode,  though  one  of  pure  platimun  is  attacked.  Since  the 
cathode  solutions  were  not  to  be  analyzed  in  the  present  investi- 
gation, it  was  permissible  to  use  platinum  electrodes  for  the 
cathodes.  The  electrodes  were  sealed  into  glass  tubes,  through 
which  ran  the  electrical  connections  to  the  outside.  These  tubes 
as  well  as  the  capillary  tubes  through  which  the  solutions  were 
poured  around  the  electrode  come  out  through  small  openings  in 
the  caps  at  the  top  of  the  limbs.  The  joints  between  these  tubes 
and  the  caps  are  made  ^ir-tight  by  means  of  short  pieces  of  rubber 
tubing. 

In  order  to  prevent  diffusion  within  the  voltameter  and  also  to 
prevent  rapid  changes  in  the  resistance  of  the  voltameters  due  to 
heating,  the  voltameters  were  placed  in  large  water  baths. 
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The  voltameter  is  first  filled  through  the  side  tubes  with  a  10 
per  cent  solution  of  potassium  iodide,  which  has  been  evacuated 
under  an  air  pump  to  remove  dissolved  air.  At  the  cathode  side 
about  10  cc  of  a  concentrated  solution  of  potassium  iodide  (i  g 
salt  to  I  g  water)  is  then  run  down  the  capillary  tube  and  this  is 
immediately  followed  by  about  20  cc  of  a  concentrated  solution  of 
iodine  and  potassium  iodide,  which  completely  covers  the  electrode. 
In  a  similar  manner  the  anode  is  surrounded  by  about  25  cc  of  the 
concentrated  solution  of  potassium  iodide. 

At  the  conclusion  of  a  run  the  solution  in  the  cathode  limb  is 
discarded  after  having  been  sucked  into  a  flask  through  the  capil- 
lary and  delivery  tubes. 

The  amount  of  iodine  formed  at  the  anode  by  the  passage  of  the 
current  is  determined  by  titration  with  a  standard  solution  of  arse- 
nious  acid.  The  theory  of  this  titration  and  the  calculation  of  the 
conditions  which  reduce  the  error  to  about  0.001  per  cent  have 
been  previously  discussed.^  After  the  first  rough  weighing  of  one 
of  the  silver  voltameters,  the  approximate  quantity  of  electricity 
that  has  passed  through  the  system,  and  hence  the  approximate 
amount  of  arsenious  acid  solution  necessary  for  the  titration,  are 
calculated.  An  amount  of  the  standard  solution  about  one  drop 
less  than  this  is  weighed  out  into  a  liter  Erlenmeyer  flask,  and 
disodium  phosphate  solution  added  to  control  the  hydrogen  ion 
concentration.  The  flask  is  then  fitted  to  the  delivery  tube  so 
that  the  tip  of  the  tube  is  below  the  level  of  the  liquid  and  the 
anode  solution  quietly  pulled  up  the  capillary  tube  and  over  into 
the  flask  ("A,'*  Fig.  2)  by  appl3ring  a  gentle  suction  to  the  latter. 
The  solution  is  then  mixed  and  the  titration  completed  in  the  man- 
ner described  below. 

2.  CHnOCALS  Aim  SOLimORS 

The  water  employed  for  all  of  the  solutions  used  in  connection 
with  the  woik  of  the  iodine  voltameter  was  obtained  by  redistilling 
the  distilled  water  of  the  laboratory  from  alkaline  permanganate, 
the  first  and  last  fractions  of  the  distillate  being  discarded. 

The  potassium  iodide  was  obtained  by  reoystallizing  J.  T. 
Baker's  product  until  it  was  no  longer  alkaline  to  phenolphthalein. 
Because  of  the  damp  weather  prevalent  during  this  investigation, 
the  potassium  iodide  was  kept  in  desiccators  over  calcium  chloride. 
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The  concentrated  iodine  solution  which  was  used  for  surround- 
ing the  cathode  was  prepared  by  dissolving  910  g  of  C-  P.  iodine 
^^d  585  g  of  potassium  iodide  in  320  g  of  water.  The  dilute 
standard  iodine  solution  was  prepared  by  diluting  the  concen- 
trated solution  till  it  was  about  o.oi  normal.  Its  strength  was 
determined  by  titrating  it  against  the  dilute  standard  arsenious 
acid  solution. 

The  standard  arsenious  acid  solution  was  prepared  by  dissolving 
240  g  of  Kahlbaum's  arsenious  acid  which  had  been  recrystallized 
from  conductivity  water  in  a  solution  containing  120  g  of  J.  T. 
Baker's  C.  P.  sodium  carbonate.  The  solution  was  then  made 
up  to  approximately  5  liters  and  kept  in  a  5-liter  glass  bottle. 
The  bottle  was  fitted  with  a  delivery  tube  containing  a  stopcock 
and  with  a  three-way  tube  through  which  hydrogen  passed  as 
the  solution  was  withdrawn  by  means  of  the  delivery  tube.  This 
three-way  tube  was  attached  to  a  manometer  to  indicate  the 
pressure  of  hydrogen  within  the  bottle  and  to  Geissler  bulbs  which 
contained  some  of  the  same  solution  as  was  in  the  bottle  and 
through  which  the  hydrogen  bubbled  before  entering  the  bottle. 

It  has  been  discovered  in  the  previous  investigation  that  the 
arsenious  acid  solution  slowly  oxidized.  Hence,  before  beginning 
this  investigation  the  solution  was  practically  freed  from  dissolved 
air  by  slowly  bubbling  hydrogen  through  it.  This  was  led  in  by 
means  of  the  tube  which  afterwards  served  as  the  delivery  tube, 
and  which  reached  to  the  bottom  of  the  bottle.  After  hydrogen 
has  been  bubbling  through  the  solution  for  24  hours,  the  stream 
of  hydrogen  was  attached  to  the  Geissler  bulbs,  care  being  taken 
that  no  air  was  permitted  to  enter  the  bottle.  The  pressure  of 
hydrogen  within  the  bottle  was  then  raised  to  and  maintained  at 
a  pressure  equal  to  4  or  5  cm  of  mercmy  greater  than  atmospheric 
pressure. 

The  hydrogen  which  was  used  for  this  purpose  was  prepared 
from  C.  P.  zinc  and  sulphuric  acid  in  a  Kipp's  generator.  It  was 
passed  through  a  wash  bottle  containing  alkaline  permanganate  and 
then  over  reduced  copper  contained  in  a  quartz  tube.  This  tube 
and  the  copper  were  kept  red  hot  all  the  time  dming  the  coiu*se 
of  this  investigation  by  means  of  an  electric  heating  device. 
From  the  quartz  tube  the  hydrogen  was  led  to  the  bottle  contain- 
ing the  standard  solution  by  means  of  a  flexible  copper  tubing. 
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The  bottle  was  kept  in  a  large  tank  or  pail  of  about  20  liters 
capacity.  This  pail  was  filled  with  water  to  prevent  condensation 
of  moisture  on  the  upper  part  of  the  inside  of  the  bottle  due  to 
temperature  changes  in  the  surroundings.  The  whole  was 
mounted  on  a  turntable  in  such  a  manner  that  the  delivery  tube 
might  be  swung  directly  over  the  mouth  of  a  flask  resting  on  the 
pan  of  a  large  Rueprecht  balance. 

The  dilute  arsenious  acid  solution  was  prepared  by  diluting 
about  ID  g  of  the  standard  solution  to  100  times  its  weight.  This 
solution  was  not  protected  from  the  air  and  since  it  slowly  oxidized, 
a  fresh  lot  was  prepared  every  week  or  10  days.  It  was  com- 
pared with  the  dilute  iodine  solution  every  three  or  four  days; 
in  this  way  it  was  possible  to  determine  the  strength  of  the  solu- 
tions so  that  no  error  greater  than  5  parts  in  i  000000  was  intro- 
duced because  of  a  change  in  their  concentration. 

3.  MBTHODS  OF  STAHDARDIZATION  AHD  ANALYSIS 

For  the  careful  standardization  of  the  arsenious  acid  solution, 
it  was  necessary  to  prepare  a  quantity  of  pure  iodine.  For  this 
purpose  potassium  permanganate  was  added  to  an  acid  solution 
containing  an  excess  of  potassium  iodide  and  the  precipitated 
iodine  after  having  been  washed  by  decantation  till  the  wash 
water  was  no  longer  add,  was  dried  in  the  centrifuge.  It  was 
then  distilled  from  a  retort  and  caught  in  a  molten  condition  in  a 
flask.  The  iodine  was  broken  up  in  a  dry  mortar  and  kept  in  a 
desiccator  over  sulphuric  acid,  from  there  it  was  transferred  as 
needed  to  the  sublimation  apparatus.  This  consisted  of  a  Jena 
gerathe  glass  tube,  Fig.  4,  about  100  cm  long  and  3  cm  diameter. 
Into  one  end  of  it  fitted  a  groimd-glass  stopper  through  which  a 
current  of  air  could  be  passed.  This  air  was  bubbled  through  a 
solution  of  alkaline  permanganate,  through  two  wash  bottles  con- 
taining sulphtuic  acid  and  then  passed  through  a  tube  containing 
phosphorus  pentoxide  which  had  been  recently  sublimed  into 
it.  At  the  end  nearest  to  the  subliming  apparatus  this  tube  was 
closed  by  means  of  a  stopcock,  which  was  joined  with  Khotinski 
cement  to  the  glass  stopper  of  the  subliming  tube.  During  the 
course  of  the  experiments  very  little  moisture  reached  the  phos- 
phorus pentoxide  and  that  only  at  the  end  farthest  from  the 
subliming  apparatus. 
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Tbe  iodine  in  a  porcelain  boat  is  placed  inside  the  sublimation 
apparatus  at  S  just  ahead  of  the  glass  stopper.  Movable  heating 
coils  of  manganin  wire  serve  to  sublime  the  iodine  from  this  posi- 
tion down  the  length  of  the  tube.  The  rate  of  sublima,tion  could 
be  conveniently  controlled  by  regulating  the  temperatiue  of  the 
heating  coib  and  the  cturent  of  air  passing  through  the  tube.  In 
passing  from  one  end  to  the  other  of  the  sublimation  apparatus 
the  iodine  was  sublimed  at  least  three  times.  It  was  then  trans- 
ferred without  exposure  to  the  atmosphere  of  the  room,  into  a 
previously  weighed  quartz  weighii^  bottle  B,  by  means  of  the 
rake  R  which  was  operated  through  a  narrow  tube  some  40  cm  in 
length  sealed  onto  the  subliming  tube. 


Fig.  4.— 5uS//mfli*w  apparwms 

The  iodine  was  weighed  in  the  constant  temperature  room  on 
the  Oertling  balance  which  has  been  previously  described.*  When 
empty  the  we^hii^  bottles  were  always  left  on  the  balance  pan 
at  least  four  hours  befOTe  a  weighing  was  attempted,  when  they 
contained  iodine  they  were  left  over  night.  The  weighings  were 
made  by  substitution,  an  empty  weighing  bottle  serving  as  part 
of  the  counterpoise.  The  set  of  weights  employed  had  been  com- 
pared with  tlu  standard  weights  of  the  Bureau.  It  is  believed 
that  the  weight  of  iodine  was  known  to  0.02-0.03  i^S- 

Ftn*  the  first  week  or  two  of  the  present  investigation  the  iodine 
voltameters  did  not  check  well  and  the  arsenious  acid  solution  could 
not  be  accurately  standardized.  It  was  found  that  the  trouble 
lay  in  the  method  of  weighing  the  solution.    Up  to  June  26  the 
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method  was  that  employed  in  the  previous  investigation  at  the 
University  of  Illinois.  Liter  Erlenmeyer  flasks  were  balanced  on 
the  two  pans  of  a  large  Rueprecht  balance,  the  desired  amount 
of  solution  run  into  the  flask  on  the  left-hand  pan,  a  rubber  stopper 
which  had  been  weighed  with  the  flask  inserted  into  its  mouth  and 
the  weight  of  the  added  solution  accurately  determined.  The 
previous  work  had  been  done  during  the  spring  of  the  year  in  a 
basement  room  which  was  not  heated  artificially.  The  room  was 
quite  cool  and  the  variation  in  the  amount  of  evaporation  of  the 
solution  during  the  time  required  to  draw  off  the  solution  and 
stopper  the  flask  was  not  rapid  enough  to  introduce  an  error 
greater  than  0.002  per  cent.  The  temperature  of  the  room  in 
which  the  weighings  for  the  present  investigation  were  made  was 
between  29^  and  31  ^  C.  This  caused  an  uncertainty  in  the  weigh- 
ing which  depended  upon  the  length  of  time  it  took  to  transfer 
the  proper  amount  of  solution  to  the  flask  and  to  stopper  it.  This 
time  was  somewhat  variable,  since  toward  the  end  of  the  addition 
of  the  solution  to  the  flask  it  had  to  be  added  slowly  in  order  to 
get  the  weight  within  o.i  g  of  that  required  for  the  titration, 
before  the  final  weighing  to  a  few  tenths  of  a  milligram  was 
attempted. 

This  uncertainty  in  the  weight  of  the  standard  solution  was 
greatly  reduced  by  the  following  modification  in  the  method  of 
weighing.  About  25  cc  of  water  was  added  to  both  of  the  flasks 
on  the  balance  pan,  they  were  then  balanced  and  it  was  determined 
whether  or  not  the  rate  of  evaporation  of  water  from  both  of  them 
was  the  same.  The  mouth  of  the  counterpoise  flask  was  somewhat 
larger  than  that  of  the  flasks  in  which  the  solution  was  weighed,  so 
it  lost  weight  more  rapidly.  However,  by  adjusting  the  size  of 
the  opening  by  means  of  a  small  piece  of  paper,  the  rate  of  evapo- 
ration from  the  two  flasks  could  be  practically  equalized. 

The  required  amount  of  solution  was  then  added,  both  flasks 
left  unstoppered,  and  the  weight  determined  as  soon  as  possible. 
The  rate  of  evaporation  was  again  investigated,  and  if  it  were 
not  the  same  as  it  was  before  the  solution  was  added,  an  allow- 
ance was  made  for  this.  The  uncertainty  in  the  weight  of  solu- 
tion taken  was  seldom  over  0.5  mg,  but  is  probably  the  greatest 
source  of  error  connected  with  the  iodine  voltameters  in  this  inves- 
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tigation.  With  practice  this  error  was  reduced,  since  toward  the 
end  of  this  investigation  both  the  voltameters  and  the  standardi- 
zations checked  to  i  or  2  parts  in  100  000. 

After  the  arsenious  add  solution  was  weighed  out,  the  required 
amount  of  disodium  phosphate  solution  was  added  to  the  flask. 
In  the  case  of  the  standardizations  some  30  g  of  potassium  iodide 
was  also  added,  and  then  the  quartz  weighing  bottle  was  intro- 
duced into  the  flask  and  opened  below  the  level  of  the  liquid  to 
prevent  any  loss  of  iodine  vapor.  When  the  iodine  had  com- 
pletely dissolved,  water  was  added  till  the  volume  of  the  solution 
was  250  to  275  cc. 

The  dilute  arsenious  acid  solution  was  then  nm  from  a  burette 
into  the  flask  till  the  iodine  color  all  but  disappeared  and  the 
solution  set  aside  for  three  to  five  minutes  for  equilibrium  condi- 
tions to  be  attained.  For  the  completion  of  the  titration  the  flask 
containing  the  solution  and  another  containing  the  same  volume 
of  water  were  set  side  by  side  on  a  large  sheet  of  tmglazed  white 
paper  before  a  north  window.  The  arsenious  add  solution  was 
then  added  drop  by  drop  till  the  iodine  color  just  disappeared. 
It  was  possible  by  proceeding  in  this  way  and  by  comparing  the 
appearances  of  the  liquids  in  the  two  flasks  to  detect  the  efiect 
of  a  single  drop  of  the  arsenious  add  solution  upon  the  iodine 
color.  After  determining  the  end  point,  about  i  cc  of  the  dilute 
iodine  solution  was  run  in  and  the  end  point  again  determined. 
In  this  way  three  or  more  observations  were  always  obtained 
for  each  end  point;  with  practice  and  with  favorable  illumination 
it  was  possible  to  decrease  the  uncertainty  in  the  end  point  to 
0.02-0.03  cc  of  the  dilute  arsenious  add  solution.  This  corresponds 
to  an  imcertainty  in  the  titration  of  5  or  6  parts  per  i  000  000. 

In  order  to  get  the  iodine  formed  at  the  anode  of  the  voltameter 
into  a  flask  to  be  analyzed,  a  rubber  stopper  canying  the  delivery 
tube  was  fitted  to  the  flask  containing  the  arsenious  add  solution 
and  the  phosphate  solution,  in  such  a  way  that  the  end  of  the  de- 
livery tube  dipped  below  the  surface  of  the  liquid.  (Fig.  2.) 
The  flask  was  then  supported  beside  the  voltameter  and  the 
delivery  tube  connected  to  the  btdb  at  the  top  of  the  capillary 
tube  by  means  of  the  grotmd  glass  joint.     On  appl3ring  a  gentle 
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suction  to  the  flask  the  anode  portion  was  sucked  over,  the  last 
visible  trace  of  iodine  from  around  the  electrode  disappearing  up 
the  capillary  by  the  time  half  of  the  solution  contained  in  the  anode 
limb  had  been  sucked  over  into  the  flask.  As  a  precaution, 
however,  the  entire  anode  solution  was  used  to  wash  out  the 
capillary  and  delivery  tubes.  The  solution  was  then  thoroughly 
mixed  and  the  titration  completed  as  described  above. 

4.  8TRXIIGTH  OF  THB  STAlffDARD  ARSBHIOUS  ACm  SOLUTIOH 

The  data  obtained  for  the  standardization  of  the  arsenious  acid 
solution  are  given  in  Table  i .  This  table  is  divided  into  two  parts, 
corresponding  to  the  two  methods  of  weighing  the  solution.  The 
first  column  gives  the  date  of  the  standardization,  the  second  the 
number  of  grams  of  iodine  taken  (corrected  to  vacuo  by  adding 
0.0099  per  cent  of  the  apparent  weight) .  In  the  third  is  f otmd  the 
ntunber  of  grams  of  arsenious  acid  solution  used  in  the  titration; 
the  fourth  gives  the  grams  of  iodine  corresponding  to  i  gram  of 
the  standard  solution ;  this  value  will  hereafter  be  referred  to  as  the 
factor.  The  value  for  the  factor,  as  calculated  in  the  manner 
described  below,  is  given  in  the  next  coltmm,  and  in  the  sixth  is 
found  the  difference  in  per  cent  between  the  value  of  the  factor  as 
found  and  as  calculated. 

The  results  show  that  even  with  the  precautions  taken  the 
standard  solution  was  oxidizing.  In  order  to  compare  the  stand- 
ardizations and  to  determine  the  strength  of  the  solution  at  any 
time  the  values  of  the  factor  f otmd  in  coltmm  4  were  plotted  against 
the  corresponding  days  upon  which  the  titrations  were  performed. 
It  was  f otmd  that  for  the  period  during  which  the  second  and  more 
accurate  method  of  weighing  was  employed  a  straight  line  could 
be  drawn  through  the  points  in  a  satisfactory  manner.  From  this 
line  the  strength  of  the  solution  for  any  particular  day  may  be 
read  off  or  the  factor  may  be  calculated  from  the  equation  of  the 
Une.  The  value  for  the  factor  F  on  the  t**  day  after  June  30 
is  given  by  F—0.1081352  — o.oooooo96t,  and  therefore  changes 
at  a  rate  less  than  o.ooi  per  cent  per  day.  The  values  for  the 
factor  given  in  the  fifth  column  of  Table  i  were  calculated  by  means 
of  this  equation. 
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TABLE  1 
Standardization  of  Arsenious  Acid  Solution 


iVcLto 


FIRST  PERIOD 


Jiiim4.. 
June?.. 
Jimo  11. 
June  14. 
June  16; 
June  19. 
J1I1M21. 


Dflte 


1913. 


Avanga  devlAtkii. 


4.81605 
5.11905 
4.97658 
2.89043 
5.96126 
4.13730 
4.78222 


add 
■olotion 


44.5100 
47.3058 
46.0003 
26.7065 
55.1136 
38.2395 
44.2131 


Iraiid 


0.108201 
212 
186 
221 
163 
220 
163 


0.108193 
190 
186 
183 
180 
178 
176 


in 


+  0lQQ8 
+  0.020 
0.000 
+(0.039 
-  0.016 
+(0l039) 
-0.012 


aou 


SECX)ND  PERIOD 


JmM30.. 
JulFl... 
jBlyS... 
JuIf9... 
July  10.. 
JuUrl2.. 
July  16.. 
JuM7.. 
Jv3fl9.. 
July  21.. 
July  22.. 

July  23- 
July  25.. 
July  28.. 
July  29.. 
July  30.. 
July  31.. 
August  1 
August  2 


1913. 


Avwaga  davlatian. 


lodlna 


5.80150 
5.73071 
5.39535 
4.50081 

5.41817 
4.64987 
5.37630 
5.98294 
5.78941 
4.93161 
5.00639 
5.31224 
5.15089 
4.91674 
4.70907 
5.77480 
4.31213 
5. 18195 
5.55903 


add 
tftHitttn 


53.6502 
52.9967 
49.8957 
41.6258 
50.1110 
43.0048 
49.7256 
55.3427 
53.5518 
45.6139 
46.3064 
49.1342 
47.6395 
45.4787 
43.5590 
53.4188 

47.9361 
51.4236 


found 


0.1061356 
834 
326 
2S4 
233 
244 
197 
071 
086 
163 
144 
169 
222 
108 
078 
042 
051 
012 
027 


tahfulatad 


0.1061352 
843 
323 
366 
256 
237 
199 
189 
170 
151 
141 
132 
112 
083 
074 
064 
054 
045 
036 


in 


+  0.0004 
-OlOOQS 
+  O.0003 

-aoou 
~  aoo2i 

+  0.0006 

—  O.O008 
-(0.0109) 
—(0.0077) 
+  O.0QU 
+  OlO0QS 

+  aooaa 

+  (0.0101) 
+  0.0023 
+  0.0004 

-aoo2o 

—  O.0003 

—  0.0030 

—  O.O008 


O.00U 
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Of  the  standardizations  obtained  by  the  second  method  of 
weighing,  those  of  July  17,  19,  and  25  were  not  considered  in 
placing  the  line,  b^ause  they  deviated  widely  from  the  other 
observations.  That  of  July  1 7  is  furthest  from  the  calculated  value, 
the  difference  being  o.oi  i  per  cent. 

The  average  deviation  of  0.0012  per  cent  is  about  what  would 
be  expected  from  the  imcertainties  in  weighing  the  iodine,  in 
weighing  the  solution,  and  in  determining  the  end  point. 

For  the  first  period,  during  which  the  method  of  weighing  was 
unsatisfactory,  it  is  extremely  difficult  to  draw  a  line  in  a  manner 
similar  to  that  drawn  for  the  second  period.  The  slope  of  such  a 
line,  however,  should  be  the  same  as  that  for  the  second  period, 
since  the  change  in  the  method  of  weighing  could  not  have  in- 
fluenced the  rate  of  oxidation  of  the  solution.  Having  thus 
obtained  the  slope  of  the  line,  its  position  was  chosen  so  that  the 
positive  and  negative  deviations  were  equal.  The  value  for  the 
factor  for  this  first  period  was  determined  graphically. 

B.  THE  SILVER  VOLTAMBTBR 

1.  FORMS  USBD 

Two  forms  of  silver  voltameter  were  used  in  all  experiments, 
Smith's  new  form  and  the  porous  cup  form.  Both  of  these  have 
been  described  in  detail  elsewhere.'  They  are  shown  photograph- 
ically in  Fig.  2.  In  the  tables  that  follow  in  the  next  section  it 
will  be  seen  that  the  results  of  the  absolute  runs  made  with  these 
voltameters  are  in  good  agreement  with  the  best  previous  work. 
As  in  the  case  of  the  third  series  of  experiments  published  by 
Rosa,  Vinal,  and  McDaniel,'  where  the  mean  value  of  the  Weston 
normal  cell  is  given  in  terms  of  both  forms  of  voltameters,  so 
here  we  have  included  in  the  mean  both  forms  of  voltameters  to 
obtain  the  value  of  the  silver  with  which  to  compare  the  mean 
iodine  deposits. 

2.  MATERIALS,  ETC. 

The  details  of  the  manipulation  of  the  voltameters  and  the 
preparation  of  materials  have  all  been  described  before.^  The 
electrolyte  was  prepared  from  double-distilled  water  and  silver 
nitrate  especialUy  prepared  and  tested  for  acidity  by  iodeosine 
and  for  reducing  agents  by  potassium  permanganate  as  described 
by  Rosa,  Vinal,  and  McDaniel.*    The  anode  and  cathode  acidi- 

*  This  tmlledn.  lOf  reprint  No.  aao.     (In  preis.)  *  Ibid. ,  p.  534,  reprint  No.  aoi. 

'  Ibid.,  9f  p.  X5Z,  reprint  No.  194. 
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ties  of  each  voltameter  were  measured  at  the  conclusion  of  the 
experiment.  The  mean  acidity  of  the  electrolyte  at  the  begin- 
ning of  the  experiment  and  the  cathode  acidity  at  the  end  of  the 
experiment  were  thus  determined  for  each  voltameter  and  correc- 
tions to  the  deposit  could  be  made  for  the  add  present  according 
to  the  equation  Y«4.5X  where  Y  is  the  amotmt  to  be  added  to 
the  deposit  in  parts  per  million  and  X  the  acidity  of  the  electro- 
lyte in  parts  per  million.  This  correction  was  determined  by 
Rosa,  Vinal,  and  McDaniel  and  is  described  by  them.  In  the 
present  case  the  electrol3rte  was  always  very  nearly  neutral  so 
that  the  corrections  are  very  small  in  all  cases. 

IV.  TABLES  OF  RESULTS 

The  details  of  each  experiment  made  or  attempted  are  given  in 
Table  2.  The  experiment  of  Jime  6  which  is  designated  as  No.  i 
we  have  omitted  from  the  summary  of  results  contained  in  Table  3 
since  dtning  the  run  iodine  from  the  cathode  was  seen  to  have 
migrated  up  this  limb  and  over  into  the  anode  side,  coloring  the 
liquid  in  the  connecting  V-tube  quite  distinctly.'  Before  starting 
the  experiment  it  had  been  suggested  that  the  first  run  would 
be  largely  of  a  preliminary  natture.  Aside  from  this  run  the  only 
silver  voltameter  measiu-ements  omitted  in  computing  the  results 
are  those  enclosed  in  brackets.  One  of  them  on  July  22  deviates 
fromthemean  by  about  four  times  the  average  deviation  of  theothers 
and  hence  may  be  called  a  gross  error.  Two  others,  on  July  30, 
were  found  to  be  alkaline  at  the  close  of  the  experiment  which 
is  sufficient  reason  to  discard  them  as  shown  in  previous  investi- 
gations.*® Owing  to  a  miscalculation  which  resulted  in  much  too 
little  arsenious  acid  solution  being  weighed  out  for  two  of  the 
voltameters  of  run  No.  9,  but  one  accurate  analysis  of  the  iodine 
formed  in  this  experiment  was  obtained. 

In  the  column  of  remarks  the  experiments  designated  as  "  ab- 
solute "  are  those  in  which  the  current  was  maintained  constant 
during  the  entire  time  of  the  run  and  measured  in  terms  of  a 
standard  cell  and  resistance.  In  the  ''  comparative  "  experiments 
this  was  not  done. 

*  This  movement  wu  prevented  in  subsequent  runs  by  the  Addition  of  tl&e  few  cubic  OQxtlmeten  of 
ooacentrated  potassium  iodide  scdution  which  was  nm  into  this  limb  just  before  the  iodine  solution.  With 
this  t>nx3edure,  it  was  never  possible  to  detect  any  ooiocation  due  to  iodine  niMetiianone-diifd  way  up  the 
cathode  limb. 

^  Report  of  Int.  Tech.  Com.,  p.  157. 
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In  Table  3  are  contained  the  summarized  results  and  the  com- 
puted values  for  the  ratio  of  silver  to  iodine,  the  electrochemical 
equivalent  of  iodine,  and  the  value  of  the  faraday.  Column  i 
gives  the  number  of  the  experiment  corresponding  to  the  numbers 
given  in  Table  2.  Colimins  2  and  3  contain  the  mean  deposits  of 
silver  and  iodine  for  each  experiment*  Under  ''calculated  cou- 
lombs "  we  give  the  number  of  coulombs  as  calculated  from  the 
silver  voltameter  deposits,  using  the  value  i .  1 1 800  mg  per  coulomb 
as  defined  by  the  London  conference.  These  are  therefore  in 
international  units*  We  also  give  the  coulombs  as  calculated  from 
the  measurement  of  current  and  time  when  the  absolute  runs  were 
made.  These  also  are  international  unit  coulombs,  since  they 
have  been  computed  on  the  basis  of  the  Weston  normal  cell  taken 
as  1. 01 83  volts  at  20^  C  and  the  international  ohm.  The  di£Fer- 
ences  between  these  are  given  in  the  next  colunm.    On  the  average 

the  coulombs  calculated  from  the  voltameter  are  — ^ —  smaller 

100  000 

than  from  the  measurements  of  current  and  time.  This  is  as  it 
should  be,  since  the  voltameter  measurements  at  the  Bureau  of 
Standards  recently  have  given  a  value  for  the  cell  about  2  or  3 
parts  in  100  000  lower  than  the  adopted  value  1.0183.  The  slight 
ambiguity  that  arises  in  the  term  "international  cotdombs,''  due 
to  the  possibility  of  measuring  them  in  terms  of  the  silver  volta- 
meter and  time,  or  in  terms  of  the  international  ohm,  volt,  and 
time,  is  fully  explained  in  Part  IV  of  the  series  of  papers  by  Rosa, 
Vinal,  and  McDaniel.^^  For  the  present  purposes  this  difidrence  is 
immaterial,  because  in  computing  the  value  of  the  faraday  the 
international  atomic  weight  for  iodine  is  involved,  which  is  ex- 
pressed to  only  five  significant  figures. 

The  system  used  in  weighting  the  several  experiments  was 
purely  mathematical,  based  upon  the  fact  that  for  each  restilt  the 
error  is  due  to  the  combination  of  experimental  errors  entering 
from  the  value  of  the  factor  for  the  arsenious  acid  (z^) ,  from  the 
titration  of  the  iodine  deposits  (z,),  and  finally  from  the  deter- 
mination of  the  silver  (z,) .  The  final  result  Z  is  then  a  f tmction 
of  these  three  quantities,  Z  =-  f  (z^z^z,) . 

n  This  BuOetfai,  10,  Reprint  No.  aao.    (In  prcM.) 
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We  may  easily  compute  the  probable  errors  of  each  of  these 
factors  from  the  average  deviation.  If  we  designate  them  as 
r,  r,  r,  the  probable  error  of  the  result  of  the  experiment  is  given  by 
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TABLE  3 
Summary  of  Results 


ailfer 
deposit 

Moon 
iodine 
deposit 

Calcttleled  ooaloinlM 

Welfbt 

Ratio 
■ilver: 
Iodine 

Btodn. 
dMml- 

cal 
equiv- 
alent of 
Iodine 

Valoe 

el  the 

faraday 

(1-126.92) 

Ho. 
nn 

FmD 
meter 

Fmn 
Cell 
and 
Res. 

Diff. 

R«n«k. 

2 

1118 

4105.82 

mg 
4829.59 

3672.47 

p<a.inlO< 

1.3 

0.850138 

1.31508 

96  511 

4-beiiriim 

8 

4104.69 

4828.62 

3671.45 

3671.53 

-2« 

3.0 

07s 

518 

504 

Do. 

4 

4099.03 

4822.24 

3666.39 

3666.55 

-44 

25.0 

02< 

526 

498 

Do. 

5 

4397.  U 

5172.73 

3933.01 

22.2 

05« 

521 

502 

ZO-tevr  run 

6 

4105.23 

4828.51 

3671.94 

3671.84 

+2i 

24.4 

20k 

498 

518 

4-beiiriim 

7 

4123.10 

4849.42 

3687.92 

16.2 

22« 

495 

521 

zn-hmaiun. 

8 

4104.75 

4828.60 

3671.51 

3671.61 

-27 

20.0 

09i 

515 

506 

4-beiirnm 

9 

4184.24 

4921.30 

3742.61 

20.8 

23* 

494 

521 

20-]ieiirran 

10 

4100.27 

4822.47 

3667.50 

3667.65 

-4i 

45.5 

24t 

492 

523 

4-iiearnm 

11 

4105.16 

4828.44 

3671.88 

3671.82 

+1« 

100.0 

2O4 

498 

519 

Do. 

Arit 

hmetlcal] 

mean  (No 

.4-11) 

0.8S0I6 

1.31505 

96  514 

WeiclK 

ed  nieeii 

(allobser 

ratioos) 

0.86017 

1.81602 

M615 

These  calculations  have  been  carried  out  and  weights  computed 
inversely  as  the  square  of  the  probable  error.  Some  system  of 
weighting  seemed  to  be  necessary  since  the  later  experiments  were 
deemed  more  reliable  than  the  earlier  ones.  The  experiments 
numbered  2  and  3  have  very  small  weights,  owing  to  the  difficulties 
in  weighing  out  the  arsenious  acid  at  this  time,  so  that  they  may 
practically,  be  disregarded.  We  give  the  arithmetical  mean  of 
experiments  4  to  1 1  for  comparison  with  the  weighted  mean.  The 
differences  are  very  small. 
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V.  DISCUSSION  OF  RESULTS 
A.  THE  SILVER-IODINE  RATIO 

In  Table  3  the  restilts  of  this  investigation  have  been  presented  in 
three  ways — (i)  as  the  ratio  of  silver  to  iodine,  (2)  as  the  electro- 
chemical equivalent  of  iodine,  and  (3)  as  the  value  of  the  faraday 
calculated  from  the  iodine  voltameter.  The  ratio  has  been  given 
chiefly  because  it  possesses  certain  advantages  for  discussing  the 
results.  If  the  increase  in  weight  of  the  platinum  bowls  used  as 
cathodes  represented  only  the  weight  of  silver  electrolytically 
changed  from  the  simple  Ag  +  ions  to  metallic  silver,  and  if  the 
only  reaction  taking  place  at  the  anode  of  the  iodine  voltameter  is 
the  formation  of  iodine  from  iodide  ions  under  the  action  of  the 
current,  then  according  to  Faraday's  law  the  amounts  of  silver 
and  of  iodine  so  found  are  in  the  ratio  of  the  atomic  weights  of  the 
elements. 

Baxter,"  who  has  made  a  very  careful  study  of  the  atomic 
weights  of  silver  and  of  iodine,  as  the  result  of  early  work  gave 
0.849997  as  the  value  of  this  ratio.  As  a  result  of  further  work  he 
arrived  at  the  result  0.849930,"  and  more  recently  from  a  series  of 
very  concordant  experiments  he  found  the  value  0.849906.^^  That 
calculated  from  the  international  atomic  weights  (191 4)  for  silver 
and  iodine,  which  are  largely  founded  on  Baxter's  results,  is 
0.84998.  The  only  other  investigation  of  recent  years  which  is 
comparable  with  the  results  of  Baxter  is  that  of  Kothner  and 
Amer,"  who  determined  the  silver-iodide  silver-chloride  ratio  in 
eight  closely  agreeing  analyses.  Their  result,  on  the  basis  of 
chlorine  35.457,  gives  0.850013  as  the  value  of  the  silver-iodine 
ratio. 

It  is  not  our  purpose  to  discuss  these  atomic  weight  determina- 
tions. It  is  evident  that  our  determination  of  the  silver-iodine 
ratio  is  from  0.015  to  0.030  per  cent  higher  than  that  calculated 
from  purely  chemical  methods.  It  seems  unlikely  that  further 
work  employing  the  same  chemical  reactions  as  have  been  hitherto 

1*  Carnegie  Public.    No.  135,  p.  zoz. 
»Ibid.»p.  X08. 

>*  J.  Am.  Chfem.  Soc.,  tiy  p.  1591  (19K0). 
u  Ann.  d.  Fhyt.,  It7,  pp.  z«3, 361  (1904). 
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used  would  cause  this  discrepancy  to  disappear,  although  Baxter 
considers  that  further  evidence  upon  the  silver-iodine  ratio  is 
desirable. 

Our  consistently  higher  results  are  in  the  direction  of  too  heavy 
a  deposit  of  silver  or  the  formation  of  an  insufficient  amount  of 
iodine.  It  may  readily  be  suggested  that  the  diflFerence  may  be 
in  part  accounted  for  by  inclusions  of  liquid  in  the  silver  deposit, 
but  the  conflicting  results  of  previous  observers  do  not  permit  us 
to  estimate  the  amount.  The  last  work  by  Laird  and  Hulett" 
indicates  that  deposits  from  pure  solution  probably  do  not  contain 
more  than  0.005  P^  c^^t  inclusions.  The  whole  question  of 
inclusions  is  critically  discussed  by  Rosa,  Vinal,  and  McDanid.*^ 
Their  opinion  is  that  the  deposits  so  perfectly  crystalline  as  formed 
from  the  purest  AgNOg  obtainable  do  not  contain  significant 
inclusions.  It  is  hoped  that  the  work  being  carried  out  on  this 
important  subject  in  several  laboratories  will  definitely  settle  the 
matter  shortly. 

In  connection  with  the  iodine  voltameter  three  possible  sources 
of  error  suggest  themselves. 

1 .  The  main  reaction  which  takes  place  at  the  anode,  resulting  in 
the  formation  of  iodine  from  jodide  ions,  may  have  been  accom- 
panied by  another  electrochemical  reaction,  such  as  the  formation 
of  oxygen  which  then  remained  dissolved  in  the  solution. 

2.  Sufficient  iodine  may  have  been  formed,  but  a  slight  amount 
of  it  reacted  with  the  water  or  with  the  metal  of  the  electrodes. 

3.  The  iodine  used  to  standardize  the  arsenious  acid  solution 
may  not  have  been  suffciently  pure. 

In  the  first  place  there  is  no  certain  difference  between  the  re- 
sults obtained  using  the  current  strengths  of  0.05  ampere  and  of 
0.25  ampere.  The  arithmetical  means  differ  by  0.002  per  cent 
while  the  weighted  means  differ  in  the  opposite  direction  by  0.003 
per  cent.  This  shows  that  there  is  no  appredaible  error  arising 
from  such  a  reaction  as  the  electrolytic  formation  of  oxygen,  for 
such  a  reaction  would  evidently  be  much  greater  with  the  higher 
current  densities. 

**  Tnms.  Am.  BfacUocfacm.  Soc.,9t«  p.  34s;  X9xa- 
H  1'  This  Bolktia,  tO^  19x3.  Reprint  No.  aao.    <Iii  press.) 
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Seccmdly,  had  any  of  the  iodine  been  lost  by  reacting  with  the 
platinum-iridium  electrodes  this  fact  would  have  been  immediately 
noticed,  for  it  was  found  in  the  pirvious  investigation  that  the 
presence  of  the  slightest  trace  of  platinum — ^kss  even  than  that 
corresponding  to  a  loss  of  o.ooi  per  cent  iodine — so  affected  the 
color  of  the  solution  that  the  end  point  in  the  titration  was  quite 
uncertain. 

In  solutions  of  iodine  which  contain  in  addition  potassium  iodide, 
as  did  all  of  our  solutions,  the  iodine  exists  almost  entirely  as  the 
trtbdide  ion,  Ig".  Iodine  may  react  with  water  in  two  ways; 
these  may  be  most  conveniently  expressed  in  the  ionic  forms, 

0H-+   V-HIO  +  2I- 
and  60H-+3l,-=    10,- + 81- + 3H,0. 

The  equilibrium  constants  of  these  two  reversible  reactions  have 
been  calculated.^  In  accordance  with  these  calctilations  the  con- 
ditions of  the  titrations  in  the  present  invest^ation  were  so  regu- 
lated, by  controlling  the  hydroxyl  ion  concoitration,  that  when 
equilibrium  was  attained,  no  appreciable  amount  of  hypoiodite  or 
of  iodate  were  present.  The  calculations  showed  that  even  with 
a  rather  large  variation  of  the  hydroxyl  ion  concentration  an 
amount  of  iodine  less  than  oxx>i  per  cent  would  be  lost.  This  was 
confirmed  experimentally  by  adding  different  amounts  of  sodium 
phosphate  to  sLe  of  the  solutions  wh^^  In 

this  way  the  hydroxyl  ion  concentration  was  varied  about  fif  tyf old. 
Such  a  change  had  no  noticeable  effect  on  the  end  point,  that 
is,  it  affected  the  analytical  results  by  less  than  0.00 1  per  cent. 

The  best  evidence  that  the  combined  effect  of  errors  due  to  the 
formation  of  electrolytic  oxygen  and  to  the  loss  of  iodine  through 
side  reactions  is  negligible  was  obtained  in  the  previous  investiga- 
tion on  the  iodine  voltameter. 

The  reaction  which  takes  place  at  the  cathode  of  the  voltameters 
is  the  formation  of  iodide  ions  from  iodine,  being  just  the  reverse 
of  that  occurring  at  the  anode.  Hence,  in  order  to  determine  the 
silver-iodine  ratio  or  to  calculate  the  Faraday  it  is  just  as  feasible 
theoretically  to  employ  the  amount  of  iodine  used  up  at  the 
cathode  as  it  is  to  employ  the  amount  formed  at  the  anode.  In 
the  previous  investigation  both  of  these  amounts  of  iodine  were 

I'Washbum:  J.  Am.  Chem.  Soc..  S0»  p.  31;  1908. 
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determined,  and  it  was  found  that  they  agreed  with  one  another 
within  the  experimental  error  of  0.003  P^  cent.  That  is,  within 
this  limit  no  side  reactions  resulting  in  the  formation  of  too  little 
iodine  at  the  anode  occur;  the  reaction  taking  place  at  the  elec- 
trodes is  strictly  reversible.  The  amount  of  iodine  used  up  at  the 
cathode  was  not  determined  in  the  present  investigation  because 
the  analysis  of  the  cathode  solution  is  much  more  difficult  experi- 
mentally than  is  that  of  the  solution  at  the  anode. 

Thirdly,  if  any  of  this  discrepancy  between  the  silver-iodine 
ratios  is  to  be  ascribed  to  imptuity  in  the  iodine,  this  impurity 
would  have  had  to  consist  of  some  oxidizing  substance  having  a 
smaller  equivalent  weight  than  has  iodine.  The  presence  of  an 
inert  substance  such  as  moisture  would  have  caused  a  deviation 
in  a  direction  opposite  to  that  actually  found.  Special  precautions 
were  taken  to  eliminate  from  the  iodine  any  oxidizing  substance, 
such  as  bromine.  As  described  above,  the  iodine  was  precipitated 
by  means  of  potassium  permanganate  from  a  solution  containing 
an  excess  of  potassium  iodide.  The  partly  dried  iodine  was  then 
distilled  from  a  retort  and  caught  in  a  molten  condition,  and  finally 
it  was  repeatedly  sublimed  in  a  cturent  of  dry  air.  Any  one  of 
these  three  procedures  should  have  practically  eliminated  any 
trace  of  chlorine  or  bromine  which  might  have  been  present. 
The  last  step,  the  fractional  sublimation,  was  carried  out  sepa- 
rately each  time  the  arsenious  acid  solution  was  standardized. 
The  procedure  was  not  always  the  same;  occasionally  but  three 
sublimations  were  employed,  but  more  often  five  or  six.  It  is 
scarcely  possible  that  tmder  such  circumstances  an  amount  of  vol- 
atile imptuity  sufficient  to  account  for  an  appreciable  part  of  the 
discrepancy  of  (0.015  to  0.03  per  cent)  should  have  remained  so 
constant  in  amotmt  that  the  average  deviations  of  the  standard- 
izations (see  Table  i)  were  but  0.0012  per  cent,  an  amount  easily 
accounted  for  by  experimental  error. 

Taking  these  various  sotu-ces  of  error  into  consideration,  it  is 
probable  that  the  amotmt  of  iodine  calculated  to  have  been  found 
at  the  anode  is  within  0.005  P^  cent  of  that  corresponding  to  the 
electrochemical  change  of  iodide  ions  to  iodine.  The  calculations 
of  the  value  of  the  Faraday  from  this  involves  the  atomic  weight 
of  iodine  and  the  electrical  measurements  of  the  present  investi- 
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gallon.  It  seems  iinlikely  that  the  mean  value  for  the  Faraday 
(96  514  international  coulombs)  given  in  Table  3  is  in  error  by 
more  than  0.015  P^  cent. 

The  possibility  of  electrical  leakage  on  the  voltameter  stands 
being  a  source  of  error  was  also  considered,  but  tests  easily  made 
showed  the  insulation  to  be  amply  sufficient. 

B.  THE  FARADAT 

If  the  increase  in  weight  of  the  platintmi  bowls  of  the  silver 
voltameter  be  assumed  to  represent  only  the  metallic  silver  formed 
from  silver  ions,  then  taking  the  atomic  weight  of  silver  as  107.88, 

the  Faraday  is  defined  as ^^-5 —  =  96  494  international  cou- 

•OOI I  loOO 

lombs.  From  the  iodine  voltameter  we  obtained  the  value  96  5 1 4 ; 
the  mean,  96  504,  probably  represents  within  o.oi  per  cent  the 
true  value  in  international  units. 

V allies  in  absolute  units. — ^For  theoretical  purposes  it  is  desirable 
that  the  value  of  the  Faraday  should  be  known  in  absolute  units. 
We  do  not,  however,  think  it  advisable  to  emphasize  this  value  at 
the  present  time,  for  the  following  reasons: 

1 .  Electrical  measurements  are  almost  tmiversally  made  at  the 
present  time  in  terms  of  the  international  units  as  maintained  by 
the  several  national  laboratories. 

2.  Recent  absolute  measurements  of  the  electrochemical  equiv- 
alent, of  silver  made  in  several  countries  differ  somewhat  among 
themselves,  and  therefore  it  is  necessary  to  state  explicitly  what 
is  the  basis  of  any  computations  that  one  might  make.  This  is 
not  the  case  with  the  international  tmits. 

3.  It  is  probable  that  the  difference  between  the  absolute  electro- 
chemical equivalent  of  silver  and  the  value  1.11800  adopted  for 
the  basis  of  the  international  ampere  is  as  small  as  the  uncertam- 
ties  in  the  atomic  weights  of  silver  and  iodine  which  are  involved 
in  the  computation  of  the  Faraday. 

A  recent  investigation  at  the  Bureau  has  given  for  the  electro- 
chemical equivalent  of  silver  1.11804  mg  per  absolute  coulomb. 
Hence,  the  absolute  coulomb  is  0.004  P^  ^^^^  greater  than  the 
international  coulomb,  or  the  faraday  in  absolute  units  is  less  by 
this  amount.  In  absolute  tmits  the  rounded  off  figure  96500, 
seems  the  best  value  to  assign,  for  the  present,  to  this  constant. 


44^  Bulletin  of  the  Bureau  of  Standards  ivol  m 

VL  COMPARISON  WITH  PREVIOUS  INVESTIGATIONS 

A.  SILVKR  VOLTAMETER 

The  present  results  with  the  silver  voltameter  are  most  easily 
compared  with  past  work  by  considering  the  values  computed  for 
the  Weston  Cell  at  20°  for  the  experiments  in  which  the  current 
was  controlled.  These  experiments  are  called  "absolute  experi- 
ments" in  Table  2.  In  Table  3  we  gave  the  coulombs  as  cal- 
culated from  the  silver  deposits  and  also  from  the  measured 
current  and  time.  We  noted  in  the  discussion  of  this  table  that 
the  first  method  gave  a  lower  value  on  the  average  than  the  second 
by  loi'^oo  which  is  significant  of  the  diflference  between  the  exact 
value  for  the  cell  i. 01 82 7  recently  found  by  the  voltameter  and 
the  figure  adopted  for  use  by  the  international  committee  i  .0183 
volts.  It  is  evident  then  that  the  present  work  has  given  the  value 
1. 01 8285  for  the  cell  value.  This  is  perhaps  more  readily  seen 
by  computing  the  cell  value  for  each  silver  voltameter  deposit 
in  an  absolute  experiment  and  taking  the  mean.  Having  done 
this  we  find  the  average  value  from  Smith's  new  form  of  voltameter 
to  be  1. 01 8289  and  from  the  porous  cup  voltameter  to  be  i. 01 8280 
whence  the  result  1.018285  as  given  above.  The  value  i. 01827 
given  as  the  result  of  previous  work  is  based  on  211  deposits 
made  with  the  greatest  care  by  Rosa,  Vinal,  and  McDaniel.  It 
thus  appears  that  the  present  work  agrees  with  the  past  to  0.0015 
per  cent. 

B.  lODmE  VOLTAMETER 

In  their  investigation  Washburn  and  Bates  made  a  preliminary 
comparison  of  the  silver  and  iodine  voltameters.  The  relation 
between  their  results  and  ours  is  more  readily  discussed  in  terms 
of  the  silver-iodine  ratio  than  by  means  of  the  value  for  the  fara- 
day  calculated  from  the  iodine  voltameter.  This  is  because  their 
value  for  the  f araday  involves  Smith,  Mather,  and  Lowry 's  absolute 
determinations  using  the  filter  paper  voltameter.  For  the  silver 
iodine  ratio  Washburn  and  Bates  obtained  the  value  0.85045, 
which  is  0.033  per  cent  higher  than  that  recorded  here.  This 
diflference  is  due  to  the  fact  that  following  the  specifications 
of  Smith,  Mather,  and  Lowry,  they  employed  the  filter  paper  form 
of  silver  voltameter.     Recent  investigations  at  the  Bureau  of 
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Standards  have  shown  conclusively  that  deposits  obtained  in 
such  a  voltameter  are  too  heavy,  because  of  the  action  of  the  filter 
paper.  Hence,  in  order  to  compare  the  previously  obtained 
ratio  with  that  given  here,  it  is  necessary  to  compare  the  filter 
paper  voltameter  with  those  forms  used  in  the  present  investi- 
ation. 

The  silver  voltameters  we  employed  were  of  the  porous  cup  and 
nonseptum  types.  The  electromotive  force  of  the  Weston  normal 
cell  at  20^,  calculated  from  deposits  made  in  such  voltameters  is 
1. 01827  "  volts.  With  the  filter  paper  form  the  value  i. 01 866  ^ 
was  obtained;  that  is,  the  deposit  in  such  a  voltameter  is  about 
0.038  per  cent  heavier  than  that  obtained  in  the  types  used  in 
the  present  investigation.  Making  the  percentage  correction  to 
the  silver  iodine  ratio  determined  by  Washburn  and  Bates,  the 
value  0.850,3  is  obtained,  which  agrees  within  0.005  per  cent  with 
our  final  value.  This  agreement  is  probably  in  part  accidental, 
since  the  filter  paper  voltameter  is,  in  the  hands  of  various  inves- 
tigators, scarcely  capable  of  such  reproducibility,  and  since  in  the 
previous  investigation  an  accuracy  better  than  0.02  per  cent  was 
not  claimed  for  the  final  value,  which  was  founded  on  but  four 
comparative  runs.  It  does,  however,  confirm  the  beUef  that  our 
results  are  not  in  error  by  more  than  o.oi  per  cent. 

VII.  SUMMARY 

We  have  made  a  careful  comparison  of  the  silver  and  iodine 
voltameters,  using  them  in  series  so  that  the  deposits  of  silver  and 
iodine  should  be  strictly  comparable.  The  best  procedure  learned 
from  previous  investigations  has  been  followed  in  each  case.  Our 
results  are  as  follows: 

z.  Ratio  of  silver  to  iodine a  85017 

3.  Electrochemical  equivalent  of  iodine i.  3x502 

3.  Value  of  the  faraday  (Issi36.9a) 96  515 

4.  Value  of  the  faraday  (Agsioy.SS) 96  494 

5.  Value  reoommended  for  general  use 96  500 

Nos.  2,  3,  and  4  are  calculated  on  the  basis  of  the  international 
ampere,  using  1.11800  mg  per  coulomb  as  the  electrochemical 
equivalent  of  silver. 

»  Hiia  Bulletin,  10*  Reprint  aao.    <In  press.)  *  Ibid,  9,  p.  197. 
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The  problems  of  modem  science  that  demand  nicety  in  the 
matter  of  temperature  control  are  steadily  becoming  more  numer- 
ous and  more  important.  The  requirements  are,  (i)  to  produce 
a  sufficiently  uniform  temperature  throughout  the  region  to  be 
used ;  (2)  to  maintain  this  for  a  sufl&cient  time  close  enough  to  the 
particular  temperature  desired. 

The  difficulties  of  producing  a  uniform  temperature  throughout 
an  extended  region  increase  rapidly  as  the  desired  temperature 
departs  from  that  of  the  room.  Stirred  liquid  baths  are  generally 
troublesome  at  high  temperatures.  While  the  advent  of  the  elec- 
tric furnace  marked  a  considerable  improvement  over  previous 
methods  of  heating,  nevertheless  the  temperature  distributions 
within  furnaces  heretofore  described  indicate  methods  of  control 
that  are  not  altogether  satisfactory. 

It  is  the  purpose  of  the  present  paper  to  set  forth  a  method 
which  has  made  it  possible  to  heat  a  region  of  considerable  length 
to  any  desired  temperature  up  to  about  700®  C  so  uniformly  that 
irreg^arities  in  the  temperature  distribution  will  be  less  than  the 
eJBfect  of  heterogeneity  in  thermoelements  of  the  best  quahty,  and 
probably  less  than  the  tmcertainties  at  present  existing  in  otu* 
knowledge  of  the  temperature  scale  itself.     The  method  has  been 
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applied  to  a  furnace  designed  to  heat  uniformly  bars  under  meas- 
urement  for  thermal  expansivity,  but  the  application  of  it  clearly 
is  not  limited  to  problems  of  this  general  character.* 

1.  SOME    FUIVDAMENTAL    PRINCIPLES    UNDERLYING    TEMPERATURE 

CONTROL 

If  a  region  in  which  no  heat  is  generated  or  absorbed  be  sur- 
roundcki  by  an  isothermal  envelope  maintained  constantly  at  the 
same  temperature,  all  points  within  will  ultimately  come  to  this 
temperature.  The  approach  to  thermal  equilibriimi  wiU  be  has- 
tened by  anjrthing  which  increases  the  influence  of  radiation,  con- 
duction, or  convection  within  the  region.  The  main  difi&culty 
of  the  problem,  then,  reduces  to  that  of  seciuing  such  an  isother- 
mal envelope.  When  the  temperattire  of  the.  surroundings  is  fairly 
tmiform  and  constant  and  is  not  far  removed  from  the  tempera- 
ture desired,  no  great  trouble  is  experienced.  When  such  sur- 
roundings are  not  present,  the  logical  procedure  is  to  create  them 
artificially  as  well  as  existing  conditions  will  permit. 

If  the  region  in  question  has,  by  any  suitable  means,  been  heated 
uniformly  to  the  desired  temperature  T,  then  any  procedure 
which  will  eliminate  heat  loss  or  gain  at  every  point  of  the  surface 
will  maintain  T  constant  and  tmiform.  The  time  rate  dQ/dt  at 
which  heat  will  be  conducted  away  from  any  portion  of  the  boimd- 
ing  surface  in  consequence  of  a  normal  temperature  gradient 
—  dT/dN  and  a  thermal  conductivity  k  in  the  surrotmding  sub- 
stance, will  be  directly  proportional  to  both  dT/dN  and  k.  In- 
casing the  region  in  a  poor  conductor  of  heat  will  reduce  the  latter, 
and  making  the  layer  thick  will  reduce  the  former;  but  this  pro- 
cedure will  not  completely  diminate  either  of  these  factors.  How- 
ever, dT/dN  and,  consequently,  dQ/dt  can  be  made  to  vanish  by 
supplying  heat  aroimd  the  surface  in  such  a  way  as  to  compensate 
exactly  for  the  loss  at  every  place.  But  the  accurate  regulation 
of  such  a  supply  presents  difficulties  which  augment  rapidly  as  T 
departs  from  the  surrouinding  temperatiu'e,  because  the  increased 
heat  flow  involved  is  subject  to  greater  irregularities  of  stuface 
distribution  and  to  greater  fluctuations  with  time.    Conductivity 

1  Same  results  were  <x<iiiniitnlftw1  at  the  Washington  meetmBS  of  the  American  fliyrical  Sodety  n 
December,  191 1,  and  in  April,  19x3;  and  the  more  important  features  were  outlined  in  a  awnmnnicatinn  to 
the  Waahincton  Academy  of  Sciences.  (A.  W.  Gray,  J.  Wash.  Acad.  Sc..  fi,  p.  S48:  X9X9.)  Since  the  pnb- 
Ucatiou  of  this  paper  the  furnace  has  been  improved  uid  more  data  conrrniing  its  pof oooanoe  hare  1 
obtained. 
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parallel  to  the  boundary,  or  the  much  more  efficient  action  of  a  cir* 
culating  fluid,  will  promote  a  uniform  distribution  of  both  the 
losses  and  the  supply.  The  usual  practice  of  abundant  thermal  in- 
sulation outside  the  source  of  heat  will  reduce  variations  in  the 
losses,  but  not  in  the  supply ;  but  the  effect  that  variations  in  either 
will  produce  upon  the  temperature  of  the  region  to  be  controlled 
can  be  materially  lessened  by  the  introduction  of  an  insulating 
layer  between  the  region  and  the  source,  since  the  mere  separation 
of  the  two  will  reduce  the  already  small  dT/dN  and  also  its  rate  of 
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at  the  surface  of  the  former,  while  the  reduction  in  k 


will  still  further  lessen  dQ/dt  and  d^Q/dP.  Whatever  variations 
continue  to  exist  near  the  region  can  be  minimized  by  appljdng  a 
small,  properly  regulated  supply  of  heat  around  the  surface,  but 
best  separated  from  it  by  an  insulating  layer,  for  the  reasons  just 
given.  Since  the  addition  of  heat  can  usually  be  regulated  more 
delicately  than  its  removal,  it  is  generally  advisable  to  insure  that 
the  temperattu^  of  the  main  sotu'ce  of  heat  (the  outside  one)  shall 
never  exceed  that  of  the  region  to  be  controlled. 

2.  PREVIOUS  ATTEMPTS  TO  SECURE  TEMPERATURE  UIVIFORMITT  IN 

ELECTRIC  FURNACES 

Previous  experimentors  have  tried  to  secure  uniformity  of 
temperature  in  an  electrically  heated  air  column  by  using  the 
central  portion  of  a  long  tube  and  by  crowding  the  windings  ne^r 
the  ends  or  other  places  where  heat  was  lost  most  rapidly.  In 
this  way  Daniel  Berthelot '  secured  uniformity  within  2®  over  the 
central  22  cm  of  a  tube  85  cm  long  heated  to  917®.  Jaquerod  and 
Perrot'  in  a  well-insulated  furnace  without  crowded  windings 
heated  a  gas  thermometer  bulb  8  cm  long  with  variations  of  less 
than  2®  at  1066®.  Waidner  and  Burgess*  constructed  a  black 
body  in  which  .compensation  for  heat  losses  through  the  ends 
was  secured  in  great  measure  by  the  use  of  a  second  independent 
heating  coil  surrounding  the  first  and  projecting  8  cm  beyond 
each  end.  The  winding  of  the  secondary  coil  was  very  close 
about  the  ends  and  very  open  about  the  center.  At  1245®  this 
arrangement  gave  such  remarkably  uniform  temperature  that 

I B.  Berthelot:  Ann.  X^yt.  ct  Chim.,  My  p.  Z19;  1909. 

*  A.  Jaquerod  and  P.  L.  Perrot:  Archive*  des  Sciences  Phyt.  et  Nat.,  flO,  pp.  45, 57;  1905. 

*  C  W.  Waidner  and  G.  K.  Butscm:  This  Bulletin  8,  p.  16s;  1907. 
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there  was  no  variation  of  more  than  one  or  two  tenths  of  a  di^;ree 
over  a  length  of  12  cm.  However,  the  method  of  varying  the 
distribution  of  heat  supply  to  compensate  for  lack  of  uniformity 
in  the  distribution  of  heat  losses  su£Fers  from  two  serious  defects: 
(i)  It  is  a  method  of  cut  and  try;  (2)  the  proper  arrangement 
to  secure  uniformity  at  one  particular  temperattue  does  not  give 
uniformity  at  any  other  temperature,  necessitating  a  repetition 
of  the  cut-and-try  process  for  every  temperature  desired.  This 
is  strikingly  illustrated  by  one  of  the  compensated  black  bodies 
used  by  Waidner  and  Burgess.  While  the  temperature  tmif ormity 
was  practically  perfect  for  12  cm  in  front  of  the  radiating  dia- 
phragm at  1245®,  drops  of  8®,  10®,  and  11®  took  place  within 
the  second  4  cm  of  this  same  region  when  the  diaphragm  was  at 
621®,  1 04 1®,  and  1308**,  respectively.  This  is  shown  graphically 
in  Fig.  I ,  where  the  distribution  obtained  by  Jaquerod  and  Perrot 
is  also  represented. 

The  remarkable  temperature  imiformity  exhibited  by  the  black 
body  used  by  Waidner  and  Burgess,  is,  however,  an  isolated 
example.  It  was  obtained  in  one  particular  series  of  observations, 
at  one  particular  temperature,  and  extended  only  for  a  short 
distance.  The  best  results  so  far  recorded  in  the  way  of  heating 
a  fair  length  at  widely  dijffering  temperatures  appear  to  be  those 
obtained  by  Day  and  Sosman;  and  because  they  are  the  best 
that  the  writer  has  succeeded  in  finding,  they  will  be  referred 
to  freely  for  purposes  of  comparison.  The  difficulties  that  Day 
and  Sosman  encountered  in  their  attempts  to  heat  uniformly 
a  platintun-iridium  bar  25  cm  long,  the  linear  expansivity  of 
which  they  were  determining,  is  best  stated  in  their  own  w^ords:  * 

The  problem  of  accompliihiiig  this  result  gave  vs  considerable  anxiety.  As  has 
been  stated  above,  the  scheme  of  making  optical  measurements  directly  upon  the  bar 
without  multiplying  devices  of  any  kind  necessarily  involves  an  opening  in  the  fur- 
nace ooil  opposite  each  end  of  the  bar,  and  a  consequent  cooling  of  that  portion  of  the 
bar  which  is  opposite  the  opening.*    The  amount  of  this  cooling,  which  is  greatest 

*  In  ft  paper  by  A.  L.  Day  and  J.  K.  Qcnacnt:  Am.  J.  Science,  26,  p.  435;  1908. 

'These  opening*  miMt  be  of  wiffififntMae  for  good  vi«k»thioagh  them  wi^  Hfoonamwr, 

they  arc  ahnost  sure  to  produce  such  enon  as  arise  from  asymmetry  of  the  light  entering  the  objeotiye 
and  from  ioAbtlity  to  focus  accurately.  By  using  the  suspended-wire  method  of  measurinj^  dongatiaas 
(A.  W.  Gray,  J.  Wash.  Acad.  So.,  8,  p.  048;  xgit.  To  be  described  in  greater  detail  in  an  cariy  nnm- 
t>er  of  this  bulletin),  the  necessary  openings  may  be  reduced  to  narrow  slits  barely  large  enou^  to  secure 
free  motion  to  the  wires,  and  these  slits  may  be  extended  to  the  outside  of  the  furnace  by  loos  tubes  of 
the  same  cross  section.  In  this  way  the  disturbance  of  temperature  caused  by  these  openings  may  be 
rendered  negligible,  and  at  the  same  time  the  improvement  in  the  optiod  ronditions  is  considerable. 
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at  the  highest  temperattires,  reached  a  value  of  about  4  per  cent  in  the  fiist  furnace  coil 
(furnace  I)  which  we  wound.  *  *  *  Accordingly,  another  furnace  coil  (furnace  II) 
was  wound  with  the  turns  closer  together  near  the  openings.  This  changed  the  tem- 
perature gradient  considerably  without  materially  improving  it,  after  which  a  third 
coil  was  prepared  with  still  closer  windings,  which  proved  to  be  oondderably  over- 
compensated  and  was  rejected.  In  all,  we  made  five  separate  trials  of  this  kind,  in 
the  last  two  of  which  (furnaces  III  and  IV)  a  thick-walled  iron  tube  was  substituted 
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Fig.  1. — Temperature  distribution  in  the  gas'thermometer  furnace  of  Jaquerod  and  Perrot,  and 

in  a  black  body  of  Waidner  and  Burgess 

for  the  porcelain  furnace  tube  in  the  hope  of  gaining  increased  uniformity  of  tempera- 
ture through  the  increased  heat  conductivity  of  the  tube  itself.  This  arrangement 
succeeded  better,  but  we  found  it  impossible  so  to  arrange  a  winding  that  the  tem- 
perature opposite  the  openings  was  uniform  with  that  at  the  middle  of  the  tube  for  all 
temperatures  between  o  and  1000°.  A  winding  which  gave  good  results  at  the  lower 
temperatures  gave  insufficient  compensation  at  the  higher  ones.  The  obvious  possi- 
bility ol  reaching  a  imiform  distribution  by  subdividing  the  coil  into  sections  in  each 
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of  which  the  cnxrent  could  be  mdepc&dexitly  varied  ^  was  sot  tried  on  acoount  of  the 
cttmberaome  manipulatioa  required,  and  in  part  also  because  the  results  which  we 
obtained  with  considerable  differences  in  the  gradient  appeared  to  agree  very  well 
among  themselves. 

Day  and  Sosman  state  that  the  deviations  within  the  central 
24  cm  of  their  furnaces  III  and  IV  amounted  to  5**  at  300®,  increas- 
ing steadily  to  about  20®  at  700®  and  reaching  about  50®  at  1000®. 
While  the  thick-walled  iron  tube  used  in  these  latter  trials  pro- 
duced markedly  better  results  than  the  porcelain  tube  used  in 
the  earlier  ones,  still  it  is  quite  clear  that  even  the  conductivity 
of  the  iron  was  very  far  from  adequate  to  secure  imiformity,  espe- 
cially at  temperatures  much  removed  from  the  one  at  which  a 
particular  distribution  of  the  heating  coils  gave  the  best  results. 

In  a  later  paper  •  Day  and  Sosman  describe  a  new  furnace  70 
cm  long  for  determining  the  expansion  of  a  50-cm  bar;  but  they 
give  no  data  concerning  the  temperature  distribution  they  se- 
cured. They  merely  remark  that,  since  it  was  impossible  to  wind 
the  furnace  so  as  to  give  a  perfectly  uniform  temperature  along 
the  bar,  the  furnace  winding  and  consequent  distribution  of 
temperature  were  varied  considerably  for  each  run,  in  the  hope 
of  eliminating  imcertainty  from  this  cause  in  the  average  of  all 
observations. 

3.  A  MBTHOD  OF  RBDUCING  THB  TSMPERATURS  GRADIENT  IN  A  LONG 

COLUMN  OF  HEATSD  AIR     , 

In  order  to  secure  data  that  would  aid  in  improving  the  design 
of  electric  furnaces  suitable  for  expansivity  determinations,  espe- 
cially in  the  direction  of  reducing  the  longitudinal  temperature 
gradient,  the  writer  studied  experimentally  the  effect  of  various 
factors  upon  the  temperature  distribution  within  a  long  cylin- 
drical air  bath.  A  return-flow,  oil-heated  tube  was  used  for  the 
purpose  of  obtaining  uniform  lateral  heating,  so  as  to  avoid  con- 
fusing the  observations  by  the  effect  of  such  irregularities  as 
would  be  almost  sure  to  exist  in  an  electrically  heated  helix,  no 
matter  how  carefully  wound. 

It  is  unnecessary  here  to  enter  into  a  detailed  description  of 
the  many  experiments  made  with  this  tube.*    For  otu*  present 


f  This  method,  though  rescmblfaig  to  a  certain  extent  that  to  be  described  In  the  pfcsent  paper,  diffcti 
ladicaHy  fran  it  not  only  in  constnictianal  details  but  also  in  the  fundamental  prinriplm  Involved. 

*  A.  h.  Bay  and  R.  B.  Sosman:  Am.  J.  Science,  M,  p.  zii;  1910. 

*  The  writer  is  indebted  to  Mr.  H.  D.  Herscy  lor  assistsnce  in  cvrying  out  this  pcHiminary ' 
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purpose  it  will  suffice  to  direct  attention  to  a  simple  device  in 
which  the  principles  enunciated  in  the  preceding  sections  have 
been  successfully  employed,  viz,  a  plug  formed  of  two  thick 
blocks  of  a  good  heat  conductor  separated  by  a  considerable  layer 
of  a  poor  conductor.  '  For  convenience  the  conducting  blocks  are 
united  by  a  thin  metal  shell  containing  the  insulator.  Fig.  2  rep- 
resents one  in  each  end  of  the  tube,  the  circumference  of  which  is 
heated  by  a  fluid  circulating  spirally  aroimd  it  and  returning  to 
the  inlet  end  by  linear  flow  through  an  outer  concentric  passage. 
In  such  a  return-flow  tube,  the  ends  of  which  were  plugged  for 
10  cm  essentially  as  indicated,  though  not  quite  so  well,  an  air 
column  4  cm  in  diameter  and  more  than  a  meter  long  has  been 


Fig.  2. — Oil-litalmt  ntarn-floui  tub*,  fhoa/ing  doiibit   plufs  for  radiicing  th*  tmqitratiirt 
gradienl 

repeatedly  heated  by  circulating  oil  to  over  100"  C  so  uniformly 
throughout  its  entire  length  that  right  against  the  plugs  the  tem- 
perature was  only  a  few  hundredths  of  a  degree  lower  than  in  the 
center,  while  several  centimeters  farther  inward  the  drop  was 
only  a  few  thousandths.  Yet  with  the  ends  closed  by  equally 
long  plugs  of  such  heat  insulators  as  cotton  wool  and  cork  there 
was  a  marked  lowering  of  the  temperatiu'e  in  the  immediate 
vicinity  within,  even  when  the  interior  was  only  slightly  warmer 
than  the  room;  and  in  many  of  the  experiments  made  this  drop 
was  apparent  for  a  long  distance  within  the  tube.  If  the  inside 
tube  (of  brass,  i  mm  thick)  were  extended  4  cm  beyond  the 
heating  jacket,  relatively  enormous  end  effects  were  produced  in 
the  air  column,  especially  if  the  projections  were  not  well  pro- 
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tected  by  lagging.  But  tinhindered  radiation  and  conduction 
through  the  sides  of  the  tube  to  the  surrotmding  air  was  found 
to  disturb  the  distribution  of  temperature  within  only  slightly. 
In  nearly  all  cases  where  the  tube  was  not  surrounded  by  an  insu- 
lating jacket  there  was  evidence  of  a  small  progressive  drop  in 
temperature  in  the  direction  away  from  the  inlet  and  exit  end. 
Doubtless  this  could  have  been  made  imperceptible  by  substi- 
tuting a  poorly  conducting  tube  for  the  thin  brass  one  separating 
the  oppositely  directed  currents  of  heating  fluid. 

4.  TRIAL  APPUCATION  OF  THE  DOUBLE  PLUG  TO  AN  ELECTRIC 

FURNACE 

The  double  plug  with  small  temperature  gradient  across  an 
insulating  layer  described  in  the  preceding  section  indicated  a  way 
of  reducing  such  difficulties  as  were  previously  enumerated. 
Accordingly,  an  electrically  heated  furnace  was  constructed  for 
determining  the  expansivity  of  bars,  the  elongations  being  meas- 
ured by  the  suspended-wire  method."  Fig.  3  represents  the 
essential  features.  Since  this  f tunace  was  designed  primarily  for 
convenience  of  manipulation  and  for  securing  merely  moderate 
uniformity  of  temperature,  only  a  partial  use  was  made  of  the 
principles  entmciated  in  section  i.  The  furnace  tube,  of  iron 
fairly  uniformly  wound  for  its  entire  length  with  constantan 
ribbon,  had  its  central  portion  completely  filled  with  an  iron  block 
pierced  by  two  longitudinal  cavities,  of  square  cross  section, 
symmetrically  situated  above  and  below  the  geometrical  axis  of 
the  tube.  The  lower  cavity  was  almost  completely  filled  by  the 
bar  to  be  measured,  while  the  upper  one  contained  a  similar  dummy 
bar,  the  temperature  of  which  was  determined  by  a  thermoelement 
placed  within  a  hole  following  the  axis  of  the  bar.  While  the 
conductivity  of  the  large  metal  masses  probably  contributed  con- 
siderably toward  the  production  of  temperatture  uniformity  within 
this  ftunace,  and  while  the  smallness  of  the  passages  required  for 
the  suspended  wires  certainly  prevented  much  disturbance,  a  very 
important  feature  of  the  whole  construction  was  imdoubtedly  the 
type  of  plug  used  for  closing  the  ends.  This  was  essentially  the 
same  as  the  simple  one  described  above,  with  the  addition  of  an 

>^  See  note  6  on  p.  4S4> 
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independent  electrical  heating  coil  wound  in  a  groove  within  the 
outside  conducting  block.  This  coil  made  it  easy  to  maintain  the 
end  at  a  temperature  almost  the  same  as  that  of  the  interior,  thus 
reducing  the  longitudinal  temperature  gradient  and  thereby  the 
outward  conduction  of  heat.  Suitably  arranged  differential  ther- 
moelements in  the  plugs,  together  with  a  convenient  grouping  of 
rheostats,  made  the  temperature  control  an  easy  matter. 

)0  30  10  0  10 y  Mew 


Fig.  3. — first  tltetricalfy-htattd  fumaet  for  txpansion  mtasurtm»nU  by  Iht  nuAod  of  siis- 
p*ndtd  mrts,  shooting  daubl*  plugs  with  outsidr  blocks  indtpendMiitly  healsd 

The  furnace  was  built  to  accommodate  bars  30  cm  long.  Ex- 
amination of  the  temperature  distribution  throughout  this  length 
for  various  temperatures  up  to  684°  C.  showed  that,  if  the  outside 
end  of  the  plugs  was  within  10*  of  the  interior,  no  variation  ex- 
ceeding a  few  tenths  of  a  degree  occurred  in  the  right-hand  1 5  cm 
except  at  the  highest  temperature  to  which  the  furnace  was  forced, 
when  the  extreme  deviation  was  found  to  be  4°.  Since  the  con- 
stantan  ribbon  binned  out  in  the  vicinity  of  the  hottest  place  the 
next  day,  considerably  before  this  temperature  was  again  reached, 
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it  seems  likely  that  this  deviation  was  due  to  excessive  local  heat- 
ing. The  left-hand  half  of  the  bar  did  not,  however,  seem  to  be  so 
uniformly  heated  as  the  right  and  was  apparently  consistently 
warmer,  the  maximum  rise  of  2^  occurring  in  the  second  5  cm  from 
the  left  end.  At  the  time  this  asymmetry  was  attributed  to 
irregularity  in  either  the  heating  coil  or  the  insulation.  Later, 
however,  an  investigation  of  the  thermoelement  used  in  exploring 
the  temperature  distribution  disclosed  sufficient  heterogeneity  to 
account  for  the  apparent  irregularity  in  both  magnitude  and 
location. 

It  is  to  be  noted  that,  contrary  to  general  experience  with  the 
method  of  crowded  windings  for  reducing  the  gradient  within 
electric  furnaces,  the  distribution  at  any  one  temperature  observed 
in  the  furnace  closed  by  double  plugs  did  not  differ  essentially 
from  that  observed  at  any  other  temperature.  Even  making  the 
outer  ends  of  the  plugs  considerably  colder  than  the  interior 
affected  the  temperature  within  but  little. 

5.  jyURTHBR  DBVSLOPMBNT  OF  THE  £LBCTRIC  FURNACE 

Since  the  performance  of  the  trial  electric  furnace  made  apparent 
the  efficacy  of  the  end-heated  double  plug,  conducting  trans- 
versely while  insulating  longitudinally,  as  a  means  for  controlling 
the  longitudinal  temperature  gradient,  the  necessity  for  rewinding 
the  burned-out  heater  was  made  the  occasion  for  remodeling  into 
a  more  permanent  form.  Certain  changes  in  design  were  made  to 
secure  a  fuller  application  of  the  principles  discussed  in  section  i. 
Other  changes  facilitated  manipulation  and  investigation.  Fig.  4 
is  a  photograph  of  the  new  furnace  and  of  the  comparator  as 
arranged  for  expansion  meastu-ements.  Fig.  5  shows  in  section 
the  more  important  features.  For  the  sake  of  clearness  minor 
structural  details,  as  well  as  the  bars  and  thermoelements,  have 
been  omitted. 

The  iron  tube  of  the  trial  furnace,  together  with  its  contents, 
is  retained  without  essential  alteration.*  The  principal  change 
consists  in  removing  the  heating  coil  from  the  tube  A,  upon  which 
it  had  formerly  been  wound,  and  substituting  two  independent 
concentric  heaters  (wound  on  the  iron  pipes  B  and  C)  to  supply 
heat  uniformly  for  the  entire  length  of  the  interior.     In  the  experi- 


Fig.  6. — A  doubt*  plug  with  flat  tud-heating  coil 
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ments  so  far  made,  air  has  formed  the  insulation  filling  the  annular 
spaces  between  A  and  B  and  between  B  and  C,  except  for  some 
layers  of  mica  and  of  asbestos  cloth,  in  all  about  4  mm  thick, 
wrapped  tightly  around  the  heating  ribbon  on  B.  C  is  covered 
in  the  same  way,  and  then  the  surrounding  space  to  the  pipe  D, 
which  forms  the  outer  shell  of  the  whole  furnace,  is  filled  with 
asbestos-magnesia  compound.  Both  of  the  end  plugs  are  pierced 
by  tubular  openings  for  inserting  thermoelements  within  the 
dummy  bar.  Large  insulating  heads,  each  composed  of  two  disks 
(E,  F  and  E',  F')  of  i  cm  asbestos  building  lumber  separated  by 
3  cm  of  asbestos-magnesia  compound,  fill  the  whole  cross  section 
at  the  ends  of  the  casing  D  and  reduce  heat  losses.  These  heads 
are  rigidly  attached  to  the  double  plugs,  and  carry  binding  posts 
leading  to  the  beating  coils,  as  well  as  handles  to  facilitate  insertion 


Fig.  5. — Section  of  stcond  electric  furnace,  lowing  more  or  less  diagramaScaUy  At  mom 
important  features 

and  removal.  In  most  of  the  experiments  with  this  furnace  heat 
was  supplied  to  the  plugs  by  means  of  tlie  coils  described  in  section 
4  and  illustrated  in  Fig.  3.  Recently,  for  reasons  that  will  appear 
later,  the  coils  filling  tie  grooves  in  the  blocks  G  and  G'  were  cut 
out  of  action,  and  two  new  coils  H  and  H'  were  substituted.  These 
are  flat  coils  of  the  same  diameter  as  the  tube  C,  against  the  ends 
of  which  they  bear.  Space  for  them  was  provided  by  removing 
the  central  portions  of  liie  disks  E  and  E'.  One  of  the  remodeled 
plugs  is  illustrated  by  the  photograph  Fig.  6. 

The  heaters  that  cover  the  pipes  B  and  C  are  of  niclm>me  ribbon 
wound  longitudinally  instead  of  helically.  The  construction  is 
indicated  in  Fig.  7.  A  flat  mat  is  made  of  the  resistor  ribbon  and 
strips  of  micabeston  "  woven  together  in  basket  fashion.     This 

■I  Ad  InniUtliic  pmMntion  of  mica  Sake*  ud  ■  ninaua  esuait  ptowd  inW  tact^  thin,  flwlhh  ilwWfc 
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is  wrapped  about  the  heater  tube  (previously  covered  with  a  layer 
of  micabeston) ,  and  the  opposing  ends  of  each  insulating  strip 
are  lapped  for  a  short  distance  and  tucked  under  alternate  lengths 
of  the  ribbon.  Then  follows  another  layer  of  micabeston,  and^ 
finally,  a  wrapping  of  asbestos  cloth.  As  each  layer  is  applied 
it  is  drawn  down  firmly  by  a  tight  helical  bandage  of  cotton  tape, 
which  is  removed  as  soon  as  the  layer  has  been  cemented  in  place 
by  warming  and  then  cooling  the  tube.  The  final  wrapping 
of  asbestos  cloth  is  secured  by  a  bandage  of  nichrome  ribbon. 
The  lengths  of  ribbon  bounding  each  edge  of  the  mat  and  the 
two  on  either  side  of  the  middle  are  left  long  enough  at  one  end  to 
serve  as  electrical  terminals.  When  the  heater  is  wound,  these 
terminals  come  out  at  opposite  ends  of  a  diameter  at  one  extremity 
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Fig.  7. — Diagram  of  furnace  winding 

r 

of  the  tube,  and  they  connect  the  two  halves  of  the  winding  in 
parallel.  Each  pair  of  large  binding  posts  seen  on  top  of  the  furnace 
in  Fig.  4  leads  to  one  of  the  concentric  heaters.  After  a  heater 
is  woimd,  current  is  passed  through  it  until  it  is  thoroughly  baked 
to  remove  all  the  resinous  cement. 

This  method  of  winding  possesses  the  following  advantages: 
(i)  Any  irregularities  in  the  resistance  of  the  heating  ribbon 
are  distributed  in  such  a  way  as  to  produce  a  minimum  effect 
upon  the  longitudinal  distribution  of  temperature;  (2)  the  wind- 
ing is  non-inductive;  (3)  the  maximum  difference  in  electrical 
potential  that  can  occur  between  adjacent  portions  of  the  winding 
is  limited  to  the  drop  in  a  length  of  ribbon  twice  as  long  as  the 
furnace.  This  makes  the  danger  of  arcing  by  accidental  contact 
considerably  less  than  in  the  ordinarj'  form  of  noninductive  winding; 
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(4)  if  adjacent  windings  should  accidentally  touch,  only  a  short 
length  of  ribbon  could  be  short  circuited;  (5)  spaces  for  the  side 
openings  down  which  the  length-defining  wires  are  suspended  can 
be  provided  without  affecting  the  heat  supplied  per  imit  length  of 
the  furnace  tubes;  (6)  the  location  of  the  terminals  combines  both 
convenience  and  safety. 

A  furnace  of  the  type  here  described  requires  considerable  time 
to  attain  thermal  equilibrium.  The  lag,  however,  causes  no  great 
inconvenience,  because  in  any  precise  expansion  determinations 
suflBcient  time  should  be  allowed  for  the  specimen  to  reach  mechan- 
ical equilibrium;  that  is  to  say,  for  all  unbalanced  internal  stresses 
to  disappear.  The  gain  in  temperature  uniformity  and  constancy 
more  than  cotmterbalances  any  time  lost  from  avoidable  lag. 
Nevertheless,  it  seems  likely  that  a  furnace  amply  sufficient  for 
most  purposes  could  be  made  with  considerably  less  lag.  In  this 
connection  it  might  be  mentioned  that  the  principal  use  of  the 
inner  concentric  heater  is  to  hasten  the  attainment  of  approximate 
thermal  equilibrium.  Experience  has  shown  that  when  the  proper 
adjustment  has  been  secured,  the  steadying  action  of  the  insulation 
within  the  outer  heater  is  sufficient  to  wipe  out  fluctuations  in  both 
losses  and  supply  of  heat." 

6.  DSTBRMDIATION  OF  TEMPERATURE  AUD  TEMPERATURE 

DISTRIBUTION 

It  was  convenient  and  sufficiently  acctuate  to  determine  all 
temperatures  within  the  furnace  described  in  section  5  by  means 
of  Pt'-PtRh  thermoelements.  These  were  all  made  from  the 
same  spools  of  the  highest  purity  Heraeus  wire  and  did  not  show 
sufficient  heterogeneity  to  cause  inconvenience.  One  element 
kept  as  a  reference  standard  was  calibrated  by  the  heat  division 
of  this  Btu-eau  at  the  freezing  points  of  copper,  silver,  antimony, 
and  zinc,  and  at  the  boiling  points  of  naphthalene  and  water. 
Two  others,  conveniently  mounted  within  sealed  protective  cas- 
ings, were  used  in  the  actual  determinations,  one  entering  each 

>*  The  tiae  of  two  ooncentric  hcatcis  bean  fotne  rcacmblsiice  to  the  cMcadc  funiaoe  described  by  Harkcr 
(Pioc.  Roy.  Soc..  A,  7€,  p.  937;  1905)  for  fcadifaig  a  tempenture  of  about  moo*  in  a  heater  tube  made  of 
the  fame  material  aa  Nemat  lamp  glowcn.  Td  avoid  the  utciaiity  of  lumag  eontacta  oa  this  tnba 
capable  of  carrytng  relatively  large  currents,  and  the  consequent  severe  stress  on  the  parts,  it  was  surrounded 
byaooilof  nickd  wire  heated  by  an  indepcadcnt  circuit  to  about  1000*,  and  insulated  from  the  inner  tuba 
byalaycrofsboonia.    No  precautions  seem  to  hare  been  taken  to  secuiaunifonBity  of  tcmpeaitan  within. 
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end  of  the  furnace.  The  arrangement  and  the  temperature  con- 
trol of  the  furnace  were  such  as  to  afford  favorable  conditions 
for  intercomparison. 

A  photograph  of  a  protected  thermoelement  is  shown  in  Fig.  8. 
The  furnace  end  is  encased  in  a  horizontal  glazed  porcelain  tube 
4  nun  external  diameter  and  500  mm  long,  closed  at  the  junction 
end.  Within,  the  wires  arc  separated  in  the  usual  way  by  an 
unglazed  porcelain  capillary.  The  junctions  with  the  copper  leads 
arc  at  the  bottom  of  a  vertical  glass  tube,  joined  to  the  porcelain 
tube  by  a  tee  of  brass  and  thin  copper  tubing,  which  permits  a 
slight  amotmt  of  bending.  The  copper  leads  reach  the  outside 
through  a  second  glass  tube  within  the  first.  Reserve  platinum 
and  platinum-rhodium,  to  allow  for  the  occasional  removal  of 
contaminated  ends  near  the  furnace  junction,  or  for  lengthening 
the  elements  is  carried  in  the  form  of  an  open  helix  coiled  around 
the  inner  glass  tube  and  botmd  down  with  wrappings  of  thin  siUc, 
the  cold  junctions  being  located  near  the  bottom,  but  on  the  out- 
side of  the  inner  tube,  so  as  to  be  close  to  the  outer  one,  which  was 
drawn  down  thin  in  this  rcgion.  All  wires  and  wrappings  within 
the  glass  tube  arc  thoroughly  imbedded  in  melted  paraffin.  This 
mounting  furnishes  a  protection  against  furnace  vapors  and  elec- 
trical leakage  along  moisturc  films,  and  has  been  found  much 
morc  convenient  than  the  loose  wires  formerly  used.  In  Fig.  4 
the  thermoelement  just  described  appears  in  position,  extending 
into  the  right-hand  end  of  the  furnace.  Another,  mounted  in 
much  the  same  fashion,  appears  at  the  left.  The  temporary  con- 
tainers for  the  ice  bottles,  which  are  small  cylindrical  Dewar  flasks 
surrotmded  by  cotton  wool,  can  be  seen  hanging  from  wooden 
slides  that  rest  upon  the  long  steel  track.  The  millimeter  scales 
above  the  track  indicate  the  positions  of  the  jtmctions  within  the 
furnace. 

A  thermoelement  with  its  cold-junction  temperature  given  by 
a  mercurial  thermometer  extends  through  the  furnace  casing  and 
rests  against  the  outer  cylindrical  heater.  A  differential  element, 
connected  to  the  binding  posts  on  top  of  the  furnace,  indicates 
difference  in  temperature  between  the  outer  and  the  inner  heater. 
Another  in  the  left  plug  gives  the  difference  between  the  axis  and 
the  circumference  of  the  inner  end.    Still  another,  added  since 
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Fig.  8. — A  protected  thermoelement 
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the  photograph  was  made,  indicates  the  difiFerence  between  the 
end-heating  coils  H  and  H',  Fig.  5. 

The  electromotive  forces  are  measured  by  a  five-dial  Diessdhorst 
potentiometer  "  made  by  Otto  Wolflf  and  calibrated  by  the  elec- 
trical division  of  this  Bureau.  The  galvanometer,  of  the  Jaeger 
low-resistance  type"  made  by  Siemens  and  Halske,  was  suffi- 
ciently sensitive  when  critically  damped  to  give  a  deflection  of 
about  2.5  mm  per  microvolt  on  a  scale  i  meter  distant.  All  gal- 
vanometer wires,  as  well  as  the  potentiometer  and  storage  battery, 
were  insulated  from  metal  equipotential  shields  connected  to  earth 
through  the  laboratory  water  pipes.  No  irregularities  have  been 
noticed  even  on  very  moist  days. 

The  general  arrangement  of  the  galvanometer  illumination  is 
shown  in  Fig.  9.  It  is  similar  in  principle  to  some  of  the  devices 
on  the  market,  but  surpasses  them  in  brilliancy  of  iQumination 
and  sharpness  of  image.  The  source  of  light  is  a  General  Electric 
Co.'s  concentrated  filament,  tungsten  projection  lamp,  which  is 
surrounded  by  a  nickel-plated  brass  tube  open  at  the  top  and 
closed  at  the  bottom  except  for  a  4-cm  central  hole.  The  light 
coming  through  this  opening  traverses  a  vertical  telescoping  tube, 
at  the  bottom  of  which  is  a  right-angled  total  reflecting  prism  for 
directing  it  on  the  galvanometer  mirror,  whence  it  is  reflected  to 
a  Hartmann  and  Braun  lightly  fi'osted  glass  miUimeter  scale.  At 
the  top  of  the  telescoping  tube  is  an  ordinary  plano-convex  lens, 
which  serves  as  a  condenser  and  forms  an  image  of  the  lamp  fila- 
ment on  the  galvanometer  mirror.  Just  below  the  condenser  is 
a  metal  screen  with  a  rectangular  opening  across  which  the  index 
extends.  This  is  formed  of  a  piece  of  wire  one-thirtieth  mm  in 
diameter  stretched  between  two  short  pieces  of  larger  wire,  which 
have  been  filed  to  pointed  half  cylinders  so  as  to  obtain  sharply 
defined  edges.  An  achromatic  lens  just  above  the  reflecting  prism 
forms  on  the  glass  scale  an  enlarged  image  of  the  opening  and  index 
wires.  The  images  of  the  larger,  pointed  wires  stand  out  so  clearly 
on  the  brilUantly  illimiinated  field  (about  1 7  by  50  mm)  that  their 
position  can  be  read  within  a  few  millimeters  by  a  person  eight  or 
ten  meters  distant  even  in  a  well-lighted  room,  while  the  image  of 

"  H.  Dkaselhorat:  Zs.  t.  Instrk.,  18.  p.  i  imd  p.  38;  1908. 
^*  W.  Jaeffcr:  Zs.  f.  Instil.,  28,  p.  ao6;  1908. 
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the  fine  wire  permits  estimation  to  a  tenth  of  a  millimeter  when 
the  observer  is  dose  to  the  scale. 

All  observations  of  temperatwie  within  the  fmnace  involved 
the  use  of  both  the  thermoelements  entering  it  through  the  ends. 
The  junction  of  the  right-hand  element  was  placed  at  the  center  of 
the  dtumny  bar,  with  the  junction  of  the  left  about  2  mm  away, 
which  was  as  close  as  the  porcelain  protecting  tubes  would  permit 
the  junctions  to  approach  each  other.  The  emf  of  the  right  ele- 
ment alone  was  read;  also  that  of  both  connected  in  opposition. 
When  making  an  observation  both  the  emf  to  be  measured  and  the 
potentiometer  current  were  reversed  and  returned  to  their  original 
directions  by  means  of  the  oil  immersed  commutator  that  accom- 
panies the  potentiometer. 

To  explore  the  distribution  of  temperature  within  the  furnace, 
one  thermoelement  was  loicated  so  that  the  tip  of  its  porcelain 
protecting  tube  could  be  just  touched  by  that  of  the  other  when 
inserted  as  far  as  possible.  The  two  elements  were  coimected  in 
opposition.  The  warm  junction  of  the  second  was  slowly  moved 
through  the  furnace  by  sliding  the  container  of  the  ice  junction 
along  its  track  while  galvanometer  deflections  were  noted  for 
various  positions.  Check  readings  were  taken  at  several  points 
passed  in  opposite  directions.  In  the  same  way  the  other  end  of 
the  furnace  was  explored  with  the  second  element  fixed  while  the 
first  was  moved.  The  paths  traversed  by  both  junctions  over- 
lapped for  the  central  20  cm  of  the  furnace.  This  procedure  also 
yielded  comparisons  of  the  thermoelements  with  three  different 
depths  of  immersion  for  each.  One  millimeter  change  in  deflection 
indicated  a  change  in  temperattue  of  between  0.058^  and  o.oS6^, 
depending  on  the  temperature.  The  sen^tivity  exceeded  the 
leUability  attainable  with  thermoelements  of  even  the  best  quality. 

7.  DISTRIBUllON  OF  TEMPERATURE  IN  THE  IMPROVED  ELECTRIC 

FURNACE 

The  distribution  of  temperature  was  first  investigated  when  the 
end  heating  was  supplied  through  the  coils  in  the  blocks  G  and 
G'  (see  section  5  and  Fig.  5),  and  before  the  central  portions  of  the 
asbestos  Itunber  disks  £  and  £'  had  been  cut  out  to  make  room 
for  the  flat  coils  H  and  H^    All  of  the  ntunerous  curves  obtained 
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showed  the  characteristics  of  the  two  reproduced  in  Pig.  10.  The 
circle  on  each  curve  indicates  the  middle  of  the  furnace.  The 
points  30  cm  on  either  side  were  i  cm  within  the  extremities  of  the 
furnace  tubes,  which  were  62  cm  long,  the  length  of  the  casing 
being  74  cm.  The  most  striking  features  of  the  temperature  dis- 
tribution are  the  steep  gradi^t  beyond  the  heated  blocks  and 
the  drop  of  several  degrees  just  within  them.    This  drop  was 
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Fig.  10. — OiarucUtistic  distribuiicms  of  Umpgraturg  in  the  seccond  eUctric  furnace  before  in^ 
staBmg  the  flat  end-heating  coHs,     The  small  circles  indicate  the  center  of  the  furnace 

evidently  due  to  heat  losses  at  the  ends  caused  by  radiation  or  air 
currents,  or  both  combined,  through  the  aimular  spaces  between 
the  concentric  tubes.  As  will  be  seen  presently,  it  disappeared 
completely  after  installing  the  coils  H  and  H'  and  at  the  same 
time  closing  the  ends  of  the  annular  spaces  with  i  or  2  cm  of 
asbestos. 

However,  in  spite  of  the  internal  drop,  fair  uniformity  through- 
out the  central  30  cm  for  which  the  f tunace  was  designed  could  be 
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easily  obtained  by  merely  raising  somewhat  the  temperature  at 
the  ends.    Fig.  1 1  presents  two  examples  to  show  that  good  per- 


Flg.  11. — Distributions  of  temperature  throughout  the  centra!  30  cm  of  the  furnace  shoam  m 
F(gs.  4  and  5  obtained  at  145**  C  and  667^  C.  under  conditions  shoufn  in  Fig.  10,  For 
comparison,  temperature  distributions  obtained  by  Day  and  Sosman  throughout  the  centred  24 
cm  of  four  different  furnaces  are  platted  on  the  sams  scale 

formance  is  not  limited  to  some  particular  temperature,  as  we 
have  seen  to  be  the  case  with  furnaces  in  which  adjustment  of  the 
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distribution  is  attempted  by  the  ordinary  cut-and-try  method  of 
crowding  the  windings  near  the  ends.  At  667**  the  mean  tempera- 
ture throughout  the  full  30  cm  was  0.37*^  lower  than  the  tempera- 
ture at  the  center,  with  a  maximum  drop  of  1°  at  the  extreme 
ends  of  the  interval;  at  145®  the  mean  temperature  over  the 
same  region  was  0.08®  lower  than  at  the  center,  with  a  maximtun 
drop  of  0.25*^  at  the  extreme  ends.  For  purposes  of  comparison 
with  the  best  previous  work  (see  section  2)  the  distributions  re-* 
corded  by  Day  and  Sosman  in  four  of  their  furnaces  at  tempera- 
tures nearest  to  667®  are  reproduced  in  the  same  figure.  These 
are  plotted  on  the  same  scales  as  the  vmter's  curves,  for  both 
length  and  temperature,  but  cover  only  24  instead  of  30  cm. 

As  an  indication  of  the  constancy  attainable,  it  might  be  men- 
tioned that  during  the  20  minutes  that  passed  while  the  observa- 
tions at  667**  were  being  made  the  temperatm-e  at  the  center  rose 
0.067®,  or  at  the  rate  of  0.2®  per  hour.  During  this  period  no  at* 
tention  whatever  was  paid  to  regulation  of  the  heating  currents. 
From  the  way  in  which  the  furnace  always  behaved  it  was  clear 
that  even  better  control  as  regards  both  constancy  and  distribu- 
tion cotild  have  been  obtained  merely  by  more  careful  adjust- 
ment. 

Some  experiments  were  made  to  determine  tlie  temperature 
distribution  when  heat  losses  at  the  «nds  were  reduced  merely  by 
the  action  of  the  double  plug  without  supplying  any  heating  cur- 
rent to  the  coils  in  the  end  blocks.  Two  typicol  results  at  widely 
differing  temperatures  are  shown  in  Fig.  12.  In  this  (and  also  in 
Fig.  13)  the  full  lines  to  the  right  and  the  dash  lines  to  the  left 
represent  ^cplbrations  with  two  different  thermoelements.  Per- 
fect agreement  in  the  region  where  both  overlap  is  not  to  be  ex*- 
pected;  partly  because  of  slight  heterogeneity  in  the  elements; 
partly  because  some  points  investigated  with  one  are  passed  over 
with  the  other,  and  because  moving  a  thermoelement  into  the  fur- 
nace disturbs  the  gradient  slightly,  especially  if  not  done  very 
slowly.  The  dotted  lines  represent  on  the  same  scale  the  results 
obtained  by  Day  and  Sosman  with  the  method  of  crowded  wind- 
ings, the  roman  numerals  designating  the  furnaces,  and  the  tem- 
peratures being  those  at  the  center. 
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Fig.  12. — Distributions  of  temperatun  obtained  by  using  the  double  plugs  wiffiout  supplying  any 
heating  current  to  Uie  coils  in  Ihe  end  blocks.  The  dotted  Unes  represent  the  results  of  Day  and 
Sosman  at  neighboring  temperatures,  who  attempted  to  compensate  for  the  kfsses  by  the  method 
of  crowded  windings 
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'Fig.  13. — Distributions  of  iemperaturw  obtaiwd  after  instaning  tk$  flat  end-luaHng  coils.  The 
length  of  each  rectangle  r^resents  the  30  cm  occupied  by  the  specimen;  the  height  represents 
one  degree.  The  distribidions  are  given  for  a  total  length  of  60  cm.  The  dotted  lines  beha> 
indicate  on  the  same  scale  distributions  obtained 6y  De^y  andSosman  over  24  cm 
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Fig.  13  is  now  presented  to  show  the  effect  of  heating  the  ends 
by  means  of  the  flat  coils  H  and  H',  G  and  G'  serving  merely  as 
transversely  conducting  blocks.  At  the  top  of  the  figure  are  rep- 
resented the  results  of  the  first  five  consecutive  runs  after  the  flat 
coils  were  installed.  The  length  of  each  rectangle  represents  the 
30  cm  occupied  by  the  specimen ;  the  height  represents  i  °.  The 
temperature  distributions  are  given  for  a  total  length  of  60  cm. 
For  comparison  distributions  obtained  by  Day  and  Sosman  over 
24  cm  are  placed  below. 

In  every  temperattu'e  distribution  represented  at  the  top  of  the 
figure  it  will  be  noticed  that  to  the  right  of  the  center  the  full  line 
lies  above  the  dash  line,  while  to  the  left  the  reverse  is  the  case. 
This  same  peculiarity  was  also  exhibited  by  all  the  distribution 
curves  of  later  experiments,  regardless  of  whether  the  exploration 
with  the  right  thermoelement  preceded  or  followed  that  made 
with  the  left.  This  would  suggest  that  the  small  divergences  in 
the  two  explorations  at  each  temperature  are  to  be  ascribed,  at 
least  in  part,  to  heterogeneity  in  the  thermoelement  wires. 

To  get  the  best  results  the  furnace  is  capable  of  yielding,  it  is 
necessary  to  adjust  both  end  coils  rather  closely  to  the  temperature 
at  the  middle  and  to  maintain  the  adjustment  long  enough  to 
reach  equilibrium.  This  is  somewhat  troublesome  with  only  two 
thermojtmctions  for  three  positions,  because  pushing  a  cold 
porcelain  tube  rapidly  into  the  furnace  disturbs  the  temperature 
distribution  a  little.  Fig.  13  shows  evidences  of  lack  of  adjustment 
and  of  failure  to  reach  equilibrium,  especially  in  the  left  half. 
This  is  because  the  fin^  adjustment  was  usually  made  with  the 
left  thermojunction  at  the  center,  while  the  right  one  was  near  the 
end  coil,  the  left  end  being  allowed  more  or  less  to  shift  for  itself. 
Since  the  measurements  represented  by  Fig.  13  were  made,  the 
stationary  differential  thermoelement  mentioned  on  page  465, 
with  a  junction  near  each  end  coil,  was  added  to  facilitate  the 
adjustment.  A  sensitive  detector  indicating  temperature  changes 
close  to  the  main  heater  would  aid  in  maintaining  constancy 
during  the  time  the  potentiometer  is  being  used  for  the  measure- 
ments proper.  The  results  exhibited  were  obtained  with  a  single 
galvanometer  in  the  regular  course  of  expansion  determinations. 
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That  no  unusual  effort  is  required  to  obtain  fair  uniformity  of 
temperature  is  shown  by  the  table  below,  which  represents  i6 
consecutive  runs  made  while  determining  the  expansivity  of  a  bar 
of  invar.  Alongside  the  temperature  observed  at  the  center  is 
recorded  the  correction  that  must  be  added  to  obtain  the  mean 
temperature  throughout  the  30  cm  occupied  by  the  bar.  In  many 
of  the  runs  the  heating  cturents  required  to  maintain  the  desired 
temperature  were  estimated  and  switched  on  late  in  the  after- 
noon. The  furnace  was  then  left  to  itself  overnight.  The  tem- 
perature distribution  fotmd  the  following  morning  was  explored 
and  used.  Reference  to  the  table  shows  that  in  only  one  case 
(and  that  under  known  unfavorable  conditions)  did  the  mean  tem- 
perature differ  by  more  than  0.16**  from  that  at  the  center. 

Temperature  Distributions  in  Consecutive  Trials  of  the  Electric  Furnace 

Shown  in  Figs.  4  and  5 
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L  INTRODUCTION 

In  the  three  papers  *  precedmg  this  the  course  of  the  work  has 
been  traced  from  its  beginning  in  1908  until  the  International 
Technical  Committee  met  at  the  Bureau  of  Standards  in  April,  1 9 1  o, 
to  carry  out  a  joint  investigation  of  the  voltameter  and  to  deter- 
mine the  voltage  of  the  Weston  normal  cell.  The  experiments 
that  disclosed  the  cause  of  difference  between  the  porous-pot  and 
the  filter-paper  voltameters  have  been  described.  The  causes  for 
different  forms  of  deposit  and  the  chemical  reactions  taking 
place  in  the  electrol3rtes  contaminated  by  filter  paper  and  similar 
substances  have  been  discussed,  and  methods  of  preparing  the 
electrol5rte  vith  tests  for  judging  its  purity  have  been  developed. 
Finally,  the  reliability  of  the  porous-pot  form  of  voltameter  as  a 
standard  for  the  measurement  of  electric  current  has  been  estab- 
lished. Our  part  in  the  work  of  the  International  Technical  Com- 
mittee is  detailed  in  the  report  of  that  committee,  which  has  been 
published.' 

At  the  conclusion  of  the  joint  work  some  further  experiments 
were  deemed  necessary,  since  the  specifications  for  the  voltameter 
had  not  been  agreed  upon  and  a  number  of  outstanding  questions 
required  answers  before  official  specifications  could  be  prepared. 

The  agreement  of  the  different  tjrpes  of  voltameters  used  by 
the  delegates  had  been  sufficiently  good,  however,  to  enable  the 
committee  to  fix  the  voltage  of  the  Weston  normal  cell  as  1.0183 
volts  at  20®  C. 

The  porous-cup  voltameter  and  a  new  form  devised  by  Mr. 
F.  E.  Smith,  of  the  National  Physical  Laboratory,  England,  had 
been  found  to  be  in  particularly  good  agreement.  This  latter 
form  has  no  septum  between  the  anode  and  cathode  except  for  a 
glass  trap  to  catch  the  slime  of  the  anode. 

The  object  of  the  work  described  in  this  paper  was,  therefore,  to 
carry  out  a  series  of  experiments  on  these  two  forms  of  voltameters 

>  This  Bulletin,  9,  p.  xsz  (Reprint  No.  194);  p.  909  (Reprint  No.  195);  p.  493  (Rqirint  No.  aoi). 
s  Report  of  the  Intematioaal  Tedmical  Committee,  191*. 
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that  shotdd  afford  as  complete  data  as  possible  for  formulating 
specifications,  according  to  which  the  voltameter  might  be  used 
at  any  time  for  the  measurement  of  current  and  (in  connection 
with  resistance  standards)  for  checking  the  constancy  of  the 
Weston  normal  cell.  This  work  consequently  included  not  only 
a  further  comparison  of  these  two  forms  of  voltameters,  but  also 
a  study  of  the  effects  of  traces  of  uncombined  acid  or  of  base  in 
the  electrolyte,  and  of  variations  of  other  conditions. 

IL  DETERMINATION  OF  THE  VOLTAGE  OF  THE  WESTON 

NORMAL  CELL 

The  International  Technical  Committee  fixed  the  voltage  of  the 
cell  to  five  significant  figures  (1.0183  at  20®  C),  but  it  is  desirable 
to  reach  an  accuracy  sufficient  to  justify  recording  six  figures.  It 
has  been  our  practice  in  the  present  work  to  give  the  result  of 
each  experiment  as  a  determination  of  the  voltage  of  the  Weston 
cell  rather  than  to  assume  the  latter  and  compute  the  electro- 
chemical equivalent  of  silver.  The  International  Electrical  Con- 
gress of  1908  defined  the  electrochemical  equivalent  of  silver  to 
be  I.I  1800  mg  per  coidomb,  and  we  have  based  the  calculation  of 
the  emf  of  the  Weston  cell  on  this  value..  The  absolute  value  of 
the  electrochemical  equivalent  as  recently  determined  by  the 
present  authors  in  conjimction  with  Rosa,  Dorsey,  and  Miller,' 
at  the  Bureau  of  Standards,  using  the  porous-cup  and  new  form 
of  voltameters  and  an  absolute  current  balance,  is  very  close  to 
this  figtue,  namely,  1.11804  mg  per  coulomb.  The  voltameter 
determinations  on  which  this  is  based  form  part  of  the  observa- 
tions included  in  this  paper,  the  others  being  made  subsequently. 
The  mean  value  which  we  give  in  this  paper  for  the  Weston  cell 
at  20®  C  is  only  8  parts  in  i  000  000  higher  than  that  recorded  in 
the  paper  of  Rosa,  Dorsey,  and  Miller.  It  would  appear  from 
this  data,  therefore,  that  the  absolute  electrochemical  equivalent 
of  silver  is  about  i.k  1805,  assuming  that  no  significant  change  has 
occurred  in  the  concrete  standards  for  the  ohm  and  the  volt  since 
the  balance  work  was  discontinued  and  assuming  that  the  inclu- 
sions of  foreign  material  in  the  deposited  silver  are  negligible.  We 
shall  discuss  the  latter  point  somewhat  ftuther  on  in  this  paper. 

*  This  Bulletin,  8,  p.  367  (Reprint  No.  171). 
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A.  BASIS    OF    RBFERENCB    FOR    CURRSHT    AUD    VOLTAGE 

MEASUREMENTS 

1.  WBSTON  NORMAL  CKLLS 

In  the  first  paper  of  this  series  the  arrangements  for  preserving 
four  standard  cells  at  a  constant  temperature  were  described. 
For  practical  work  we  have  used  one  of  these,  cell  No.  109,  and  by 
means  of  the  other  three  and  a  large  number  of  reference  cells  of 
the  Bureau  have  carefully  determined  the  relation  of  this  cell  to 
the  mean  Weston  normal  cell,  which  was  defined^  by  the  Inter- 
national Technical  Committee.  Throughout  the  present  paper  the 
value  recorded  for  each  experiment  has  been  reduced  to  this 
basis  by  adding  to  the  number  actually  computed  from  the  elec- 
trolysis experiment,  a  correction  which  expresses  the  amount  by 
which  the  voltage  of  cell  No.  109  was  lower  than  the  mean  Weston 
normal  cell.  This  correction  was  usually  about  25  millionths  of 
a  volt,  but  varied  by  a  few  millionths  from  time  to  time. 

2.  RBSISTANCBS 

MR 

The  formula  for  the  emf  of  the  cell  is  E — 5 — r  where  t  is  the 

i.iiSoot 

time  of  the  deposit  in  seconds,  M  the  mass  of  silver  deposited  in 
milligrams,  and  R  the  value  of  a  resistance  standard  across  which 
the  fall  in  potential  is  maintained  equal  to  the  voltage  of  the  celL 
We  have  used  in  our  recent  work,  as  before,  a  resistance  stand- 
ard of  2  ohms,  number  2342,  made  by  Otto  Wolff,  and  have 
assigned  to  it  a  value  in  international  ohms  in  accordance  with 
the  definition  given  by  the  International  Technical  Committee.* 

B.  MEANINO  OF  THE  TERM  ««nfTER]fATIONAL  VOLTS" 

Otu-  results,  therefore,  express  the  voltage  of  "the  Weston  nor- 
mal cell "  at  20^  C  in  terms  of  international  voUs.  It  should  be 
noted  here  that  a  slight  ambiguity  may  arise  as  to  the  meaning  of 
the  term  "  international  volts,''  and  hence  in  some  cases  it  will  be 
necessary  to  state  explicitly  what  is  meant. 

In  accordance  with  the  decisions  of  the  London  conference  the 
silver  voltameter  is  to  be  used  to  meastu^  the  international  ampere, 


«  The  Weston  noniMl  cdl  WM  ddincd  M  the  mom  ol  th«  edit  tnlifiUUcd  by  tbt  Natkoal  Pby^^ 
atory.  The  Labontoire  Centnl  d'filectiichi,  the  PhysikAliidi  Tedmiadie  Rcidmnftalt,  and  the  Bureea 
of  standards,  taken  by  froups.    In  the  reoent  paper  of  ToaStkawthf  (Zs.  f.  Instr.,  33.  p,  jsi )  the  riiA 
laboiatofy  was  not  mmtienfd  in  this  ccwnsrtiwi.    (Intnuitionil  Tadakal  ComritiM  nport,  9.  t.) 

•  Intematkoal  Tfchniral  Commitf  ee  teport,  p^  t. 
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and  this  in  connection  with  the  international  ohm  may  be  used  to 
measmie  international  volts.  On  the  other  hand,  a  standard  cell 
whose  voltage  is  expressed  in  terms  of  the  mean  Weston  normal 
cell  taken  as  1.0183  volts  at  20X,  is  now  the  recognized  method 
of  measuring  international  volts  in  accordance  with  the  recom- 
mendation of  the  International  Committee  on  Electrical  Units  and 
Standards.  The  difference  between  the  two  measurements  will  be 
the  same  as  the  difference  between  the  rotmd  value  1.0183  volts 
recommended  by  the  International  Committee,  and  adopted  for 
use  by  the  several  countries  and  the  more  exact  figure  expressing 
precisely  the  value  fotmd  by  means  of  the  silver  voltameter  and  a 
standard  resistance,  assuming  that  the  errors  of  measurement  are 
negligible.  From  a  long  series  of  determinations  with  the  voltam- 
eter we  believe  that  this  difference  is  about  3  parts  in  100  000. 
(See  p.  486  below.)  However,  for  the  present  at  least,  the  value 
1. 01 83  should  always  be  used  in  practice  rather  than  the  value 
given  in  this  paper,  i. 01 82 7.  In  other  words,  the  international 
ampere  in  practice  should  be  derived  from  the  ohm  and  volt  (the 
latter  being  fixed  by  the  Weston  normal  cell  taken  as  1.0183) 
rather  than  from  the  silver  voltameter.  This  fact,  however,  does 
not  lessen  the  significance  of  the  results  obtained  in  this  paper, 
since  one  of  the  most  important  objects  at  present  is  to  be  able 
to  write  specifications  for  the  voltameter  and  to  confirm  the  deci- 
sion of  the  International  Committee. 

C.  VOLTAMETERS  AlVB  MATERIALS 

In  the  first  paper  •  the  porous-cup  voltameter  and  also  the  Pog- 
gendorff  and  siphon  forms,  which  we  have  continued  to  use  in  the 
present  work,  have  been  described  and  illustrated.  Beside  these 
we  have  made  use  of  two  other  forms,  which  we  briefly  describe 
here.  The  one  which  we  have  designated  as  the  modified  siphon 
consisted  of  a  small  glass  dish  4.5  cm  in  diameter  and  3  cm  deep 
which  was  submerged  in  the  electrolyte.  From  the  top  edge  of 
this  dish  there  projected  upward  four  short  glass  rods  that  sup- 
ported an  annular  siphon  whose  lower  edge  was  just  below  the 
surface  of  the  electrolyte.    A  cross  section  of  this  voltameter  is 

shown  in  Fig.  i .    The  chief  difficulty  with  it  was  that  the  anode 

-  —  - —  — -* — • 

i  TUi  BulteCin,  9,  p.  157  (Reprint  No.  im). 
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was  necessarily  small^  which  caused  considerable  anode  slime,  and 
sometimes  this  escaped  to  the  cathode  when  the  voltameter  was 
being  dismantled. 

The  other  voltameter  was  Mr,  Smith's  new  form,  which  possesses 
many  advantages  for  work  of  high  precision.  This  form  has  been 
described  by  him '  as  follows:  "The  voltameter  has  an  anode  in 


PIk.  1. — ModSfUd  syphon  vdhamtUr 

the  form  of  a  silver  disk  coated  with  electrol3rtic  silver.  This  disk 
is  contained  in  a  shallow  glass  basin  (with  ground  edge)  supported 
by  a  glass  rod  passing  through  the  center  of  the  disk.  A  glass 
cylinder  with  ground  ends  fits  over  the  basin  and  is  used  to  sepa- 
rate the  electiol3rte  into  two  parts,  before  and  after  the  electroly- 
sis." Fig.  2  shows  a  diagram  of  the  voltameter,  and  Fig.  3  a 
photograph  of  it.    With  the  lapse  of  time  the  significance  of  the 


'  Tlic  Nat.  Fhy*.  Jjh,  icpoft  for  zpio,  p.  ji. 
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name  ''new  form/'  by  whkh  it  was  designated  in  the  report  of 
the  International  Committee,  will  vanish,  and  therefore  we  think 
it  should  be  called  the  ''Smith  form"  after  the  analogy  of  the 
Rayleigh  and  Richards  forms. 

The  materials  for  the  electrolyte  used  in  these  final  experiments 
were  of  the  best  and 
satisfied  the  criteria 
that  we  have  speci- 
fied for  a  sufficient 
degree  of  purity.  In 
some  few  cases  we 
have  employed  elec- 
trolytes to  which  we 
have  purposely 
added  impurities  of 
various  kinds  for  the 
sake  of  experiment. 
We  have  endeavored 
to  conduct  this  final 
series  according  to 
the  best  procedure 
learned  from  our  pre- 
vious work. 

J>.  TABIBS  or  RB- 
SULTS 

The  experiments 
naturally  fall  into 
three  groups,  of 
which  the  first  began  ^«-  2--^*^  /^'^  voltameter 

at  the  close  of  the  International  Technical  Committee's  work  and 
continued  until  September  i,  1910.  The  second  group  occupied 
the  months  of  October  and  November,  1910,  during  which  time 
the  quantitative:  measurements  were  made  by  Mr.  O.  E.  Post,  of 
this  Bureau,  in  the  absence  of  Mr.  Vinal.  The  last  series  of  meas- 
urements was  begun  in  June,  191 1,  and  continued  until  Match, 
191 2.  In  taking  the  mean  values  for  the  various  forms  and  sizes 
of  voltameters  these  three  groups  have  been  separated  in  Table  8, 
so  that  the  restdts  at  different  periods  of  the  work  may  be  compared. 


4^3  BiMeUn  of  the  Bureau  of  Standards  ivu.  n 

1.  cossBcnoHs  woR  ACa>  noaurr 

We  have  made  considerable  study  of  the  effect  of  small  quan- 
tities of  acid  in  the  electrolyte,  and  our  results  show  that  when  add 
is  present  in  pure  electroljrte  the  effect  is  to  decrease  the  mass 
of  the  deposit.  In  a  number  of  cases  we  have  made  comparative 
runs,  using  neutral  electroljrte  in  one  voltameter,  and  the  same 
electroljrte  made  acid  to  a  known  amount  in  an  exactly  similar 
voltameter.  After  thus  obtaining  a  number  of  values  to  express 
the  decrease  in  the  deposit  for  a  given  quantity  of  acid  present, 
we  have  plotted  them  and  drawn  the  curve  shown  in  Fig.  4. 
Each  point  represents  the  difference  in  deposit  of  an  acid  volta- 
meter from  an  exactly  similar  neutral  voltameter.  Both  the 
poms  pot  and  Smith's  form  of  voltameters  were  used  in  this 
work,  and  the  values  obtained  from  the  latter  are  indicated  by 

solid  dots.    The  two  dotted  curves  represent  the  limits  of — ^ — 

^  100  000 

either  side  of  the  mean  experimental  curve.    They  show  that 

most  of  the  determinations  fall  within  these  limits  so  that  the 

general  shape  of  the  mean  ctu^e  is  fairly  well  determined,  at  least 

for  acidities  up  to  about  80  parts  in  i  000  000  (0.008  per  cent) . 

Examining  the  curve  as  it  stands  we  find  that  for  acidities  below 

10  parts  in  i  000  000  equivalents  of  HNO„  the  correction  (in  parts 

per  million)  to  be  applied  to  the  computed  value  for  the  cell  to 

correct  for  the  acid  present,  is  sufficiently  well  given  by  the  formula 

y--  4-5  X. 

For  acidities  ranging  from  10  to  100  parts  in  i  000  000  the  follow- 
ing formula  r^resents  our  results: 

y=-  — 4.5X+0.02X* 

Beyond  this  point  the  experimental  results  are  not  sufficiently 
numerous  or  concordant  to  determine  the  form  of  the  curve. 

In  Table  i  the  values  are  given  upon  which  this  curve  for  the 
acid  corrections  is  based.  All  determinations  in  which  the  elec- 
trolyte was  believed  to  be  pure  are  included,  but  the  last  two 
points  are  not  shown  on  the  curve.  In  a  few  instances  add  tests 
were  made  on  impure  electrolytes  and  the  scattering  results  will 
be  discussed  when  the  general  question  of  acid  is  dealt  with. 
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RelatioDOf  Decrease 


-  TABLE  1 

■ 

I 

in  Deposit  to  Amount  of  Add  in  Electrolyte 

;     [PitraM«ctnl7tMoal7l     ) 
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24.0 
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X1(H 
4.1 

4.0 

4.1 

5.1 
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23.0 

23.0 
24.0 
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34.0 
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45.0 
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2.0 
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SmalL 
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Small;  add 
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Dr.  von  Steinwehr  in  a  recent  article  *  denies  that  acid  present 
in  the  electrolyte  produces  any  effect  on  the  deposit  and  quotes  the 


*  Zt.  f.  Inatr..  8t,  p.  jai;  x^zj. 
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fcdlowing  figures  taken  from  the  Intematioiial  Technical  Com- 
mittee's report  to  prove  his  contention: 


Bevktiim  f ran 

Added  add 

sXior* 

-  5X10-* 

IoXlo-« 

-  8X10-* 

IQOX  io~« 

-12X10-* 

lOoXio"* 

-  6Xio"» 

If  his  theory  were  tight,  we  should  expect  to  find  that  in  some 
cases  the  deposit  was  increased  by  the  add^  which  is  not  the  case. 
It  is  very  obvious  from  the  above  figures  that  acid  decreases  the 
deposit.  We  do  not  think  the  above  data  sufficient  to  calculate 
the  relation  between  add  and  decrease  in  deposit,  and  therefore 
have  given  in  this  paper  much  additional  data  on  the  subject. 
We  will  merely  note  here  that  if  the  above  observations  were 
plotted  on  the  curve,  Fig.  4,  which  we  give,  the  first  two  would 
fall  nicdy  on  our  curve.  The  fact  that  in  all  the  cases  where  add 
has  been  added  to  ptue  dectrol3rte  34  out  of  35  cases  showed  a 
restdting  decrease  in  deposit  leaves  no  room  for  doubt  that  add 
does  decrease  the  deposit.  Whether  the  law  that  we  have  derived 
from  our  observations  is  verified  by  f uttue  observers  remains  to  be 


2.  KB80LTS  OV  THB  PQROI7S  POT  AND  8MITU  RSW-FOBM  VOLTAMBTSItS 

Having  established  the  correction  to  be  applied  to  the  results  in 
general  for  the  presence  of  add,  we  have  tabulated  the  results 
obtained  from  the  pure  dectrolytes  having  an  addity  of  10  parts 
in  I  000  000  or  less  and  applied  to  each  the  correction  computed 
from  the  equation  y»4.5  x  where  y  represents  the  change  in 
deposit  and  x  the  mean  cathode  addity,  both  being  in  parts  per 
million. 

Table  2  contains  all  the  restdts  with  the  porous-pot  t3rpe  of 
voltameter,  arranged  according  to  size  of  instrument.  A  few  of 
the  values  are  widdy  divetgent  from  the  mean,  some  being  high 
and  others  low,  but  we  have  included  all  where  the  dectrol)rte 
conformed  to  our  criteria  of  purity  and  no  accident  occtured. 

Table  3,  arranged  similarly  to  Table  2,  contains  the  results 
derived  from  Smith's  form  of  voltameter. 


4S6  Buttetin  of  the  Bwmm  of  Standards  vvd^m 

In  a  few  cases  m  each  table  the  acid  data  are  laddog  or  not 
sufficiently  exact  to  warrant  making  the  corrBCtion. 

The  total  number  of  determinations  with  the  Smith  form  was 
55,  from  which  we  derive  the  arithmetical  mean  1.018274,  on  the 
assumption  that  the  variations  in  results  between  different  sizes 
and  at  different  times  are  accidental,  and  therefore  each  observa- 
tion should  have  the  same  weight.  Similarly,  for  the  porous  cup 
(156  observations)  the  arithmetical  mean  is  i. 01 826,.  The  prob- 
able errors  have  been  computed  for  a  single  observation  and  for 
the  arithmetical  mean,  but  the  slight  difference  in  favor  of  the 
porous-cup  form  we  do  not  consider  as  proof  of  its  superiority  over 
the  new  form,  but  rather  attribute  it  to  our  greater  experience  in 
using  the  porous-cup  voltameter.  This  is  substantiated  by  the 
fact  that  for  the  last  series  of  observations  with  the  large  Smith 
form  the  probable  error  of  a  single  observation  is  smaller.  The 
slight  difference  in  the  mean  results  given  by  the  two  forms  is  just 
equal  to  the  sum  of  the  probable  errors  of  the  mean  values.  We 
give  our  final  result  as  the  mean  of  the  arithmetical  means  with 
equal  weight.  Hence,  after  dropping  the  last  figure  we  have  as 
the  voltage  of  the  Weston  normal  cell  at  20^ 

1.01827  VOLTS 

Tables  4  and  5  give  the  results  of  the  absolute  determinations 
with  the  porous  cup  and  Smith's  form  of  voltameter  for  the  cases 
in  which  the  acidity  of  the  electrolyte  exceeded  10  parts  in 
I  000  000.  Suitable  corrections  have  been  applied  to  each  obser- 
vation according  to  the  formulas  given  on  page  482.  The  means 
agree  very  well  with  the  values  given  as  the  best  results  in  the  two 
preceding  tables. 
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TABLE  2 
Kmilts  with  tiie  Poroos-Pot  Forai 


[156 


•aJMdttoclnlyto 


t* 


that 


Xi«t»sin 

>Ud.«...» 

Sflunaiaa 

Date 

Obt. 

Iffaan 
itf 

rae- 

tka 

Cor. 

valiM 

Obt. 
vata* 

Moan 
add- 

Cor- 
lae- 

tka 

Cor. 
falna 

Oba. 
fafaM 

acld- 

rac- 
tka 

Cor. 
falM 

1910 
Hay  26* 

LO]i28 

80 

0.7 
0.3 

Ob 
Oi 

L01823I 
30h 

1.0181ib 

2.0 
2.0 
2.4 
2.2 

L3 
L6 
6w4 

6.5 
6.4 
6.6 

as 

ao 
2.2 
2.8 

1.1 
1.0 
a9 
1.0 
a9 
1.2 
1.5 
1.2 

Ob 
flb 

ll 
1. 
Ob 
Oi 

u 

2. 
8. 
2. 
3i 
1. 
1| 
Qb 
Oi 
Oi 

1.0181fb 
24b 
27t 
26i 
24b 
2Si 

8Qb 

aoi 

83b 
83b 

3Qb 

26  >• 

24 

'    2Si 
26» 
24i 

27t 
27. 
81t 

aob 

27. 
26. 
84f 
8U 
29i 
26i 
28« 
27. 
27. 
27. 
26r 
26, 

31 

Am*  8 

2St 

8U 

ai 

3.8 

Ob 
li 

25« 

82i 

7 

10 

9% 

5.5 

2b 

374 

14 

Sir 

6.7 

3. 

S4f 

29r 

17 

37i 

1.8 

Ob 

39b 

8Sr 
32« 
29b 

23 

28i 

0.4 

Ob 

28« 

...... 

27. 
2a. 

27 

24i 

0.3 

Oi 

24i 

0«           27- 

30 

257 
26. 
22b 
2Si 

0.3 
0.4 
0.4 
1.5 

Oi 
Ob 
Ob 
Or 

25. 

27i 
22. 
26. 

o« 

Ob 
O7 
0. 

28t 

28i 

"Wf  3 

1.01827. 
257 
24i 
25. 
25. 
27i 
23. 
26. 
25, 

a2 
a4 
0.5 
0.5 
0.5 
as 
a3 
as 
a9 

Oi 
Ob 
0) 
Ob 
Ob 
Oi 
Ot 
Oi 
0. 

1.01827. 
25. 
24< 
257 
26i 
28. 
234 
27i 
25. 

274 

1 

26* 

12 

15 

23i 
2Si 
27. 
25t 

0.1 
0.5 
1.0 
1.0 

Ob 
Ob 
0« 
O4 

23i 
25. 
28i 
26i 

23, 
267 
2Qb 
23i 
23. 

ao 
as 
1.5 

Ll 

1.2 

Ok 
Ob 

07 

Ob 
Ob 

24* 

21 

26» 

29 

2U 

Aflff.  ? 

23. 

2" 

••■•*• 

24« 

10 

19. 
19i 

2.5 

2.7 

li 
Is 

2O1 
2Xk 

•••••••• 

18 

257 
27i 
26i 
28« 
267 

1.7 

.    1.3 

1.3 

a9 

L8 

0. 
Ob 
Ob 
0« 
Oi 

26» 

27. 

26r 

28t 

25 

23. 

29b 

23j 

1.5 

r. 

Or 
Ob 
U 

24. 
3Qb 

17. 

10. 

1.2 
1.9 
2.7 

Ob 
Ob 

1] 

18. 

2O1 

27. 

24J         25] 

264          30j 

1.1 

Ob 

8U 

*  Used  electrolyte. 


!•  New  atectnlyte. 
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TABLE  2— Continued 
Results  with  the  Porous-Pot  Fonn — Continued 


«    • 

Laxgviiie 

Modinmaixa 

ftmaff  sin 

Dito 

DIM. 

*Tala0 

Mean 

add- 

Cm- 
lac- 

tka 

Cor. 
taloa 

Oba^ 
valoa 

Maan 

acid- 
ly 

Cor- 
rac- 

tkn 

Cor. 
valoa 

Oba. 
valoa 

Maan 

add^ 

Car- 
rac- 

tka 

Car. 
vaina 

1910 
8«pL   1 

16f 

Ob 

1^ 

15i 

Oi 

ISi 

1S< 
16i 
16a 
22a 
23a 
29i 
28r 
22. 
22. 
21a 
19k 
29b 
28i 
29. 
28b 
Sir 
2Si 
27. 
2Sa 
2fla 

23. 
2Qb 

22. 
2^ 
•    26. 
26. 
27« 
26. 
2Si 
29« 
29k 
27t 
24< 
26i 

"[19bl 
22| 
274 
SIt 
SSa 

as 

as 

1.4 
1.2 
Ll 
L9 

ao 

LO 
2.6 

LO 

Ob 
Qi 
Ob 
Oi 
Oi 
(k 
% 
Ob 
Ob 
Ob 
Oi 
Ob 
la 
Ob 
A. 

ISi 
Ui 

Ub 

28 

26i 
22« 

27. 

• 

ai 
ai 

1.0 
0.7 

Ob 
Ob 

o« 

asi 

26i 
21t 

27» 

21b 

23b 

OeL  11.. 

19a 

1.1 

Ob 

19, 

29r 
29b 

22r 

2ab 

21 

29 

27t 
23t 

»«27« 
40i 

ao 
as 

L2 

2.7 

Ob 
Oi 
€b 
la 

27« 

23b 

4U 

26. 
26. 

as 
a4 

Oi 
Oi 

26a 
26t 

21a 
lib 

2gb 

2gb 

29b 

Htv.     5 

26« 
a2b 

as 

0.9 

Oa 

04 

26. 

sab 

2^ 

5 

Lol        Oi 

.    S2i 

5 

L2 
L2 
L9 
2.1 

2.7 

a7 
a7 
as 

■ 

as 
a7 

LO 

ai 
at 

LO 

Ob 

Ob 
Ob 
la 

la 
Ok 
Ob 

Ob 
Ob 
Oi 
Ob 
Ok 
Ok 
Ok 

a 

26i 

5" 

27t 

15 

20^ 

1.S 

Ob 

21a 

'    2^ 

2h 

1911 

JVM    14 

17 

27s 
22i 

2.0 

as 

Ob 

2Sh 
22r 

21a 

'20b 

tk 

23 

26i 

as 

Oi 

26a 

27t 

26. 

28 

2Si 

Ob 

26a 

27a 

28k 

7«IF       6 

2Si 

as 

€b 

2Si 

27a 

2Sa 

11 

22b 

as 

Ob 

2Sa 

2gb 

2gb 

17 

2Si 

as 

Ob 

2Sa 

L6         Of 
LS         9t 

284 

28 

SOb 
27i 

1.S 

as 

1.2 

Qi 
Qb 

SOi 
SOb 

27. 

29b 

Attf.     4 

a7 

"i\ 

L9 
2.0 

Ob 
Ob 

Ob 

26. 

11 

24 

2k 

••«•■• 

th 

fltnt.     7  X 

S2a 

9k 

UAddkr  for  tanaaoab  final        "  Uaed  dactaolyta.        >«  Acddcnt  to  brackatad 
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TABLE  2— Continued 
Results  with  the  Porous-Pot  Form — Continued 


Laf|»iln 

Madtamsiae 

Snail  iise 

Date 

Ob*. 

Mld- 

Cor- 
nc- 

ttan 

Cor. 

vain* 

Obft. 
valD* 

^ 
H7 

Cor- 
ree- 

ttan 

Cor. 

Oba. 

valna 

. 
Moan 
add- 

Cor- 
rec- 

tin 

Cor. 
vaioa 

1911 
Oct  21 

21b 
28i 
22i 
26i 
29i 
28i 
SOb 
29b 
27f 
2I1 

28« 
24s 
24i 
19i 
21r 
2Si 

S.8 

4.0 

a4 
ai 

Ll 

a4 
1.6 

i! 

ai 
4.9 
as 
a. 

Ob 
Ob 
If 
U 
Qi 
Oi 
Ob 
(k 
Oi 
Oi 

Ob 

: 

2i 

26i 

28i 

26 

24« 

2Sr 

R«v,  9 

29a 

281 

16l 

Sli 

ai 

fk 

31t 

29b 

Qi 

29b 

SOb 

29k 

22 

321 

26. 

27i 
27, 
26r 
J9b 

ao 
as 

2.0 
ao 
ao 
4.7 
a7 

(k 

Ob 
Ob 

2i 

32. 

27« 

27i 
27i 
27» 
2I1 
29b 

27* 

Dm.  4 

2U 

1912 

Tan.  16 

29b 

frtk.13. 

24i 

2a 

24« 

21. 

M tr.  12 ,   ... 

0            21a 

0)          26b 

Mmh 

1.01826t 

* 

1.018274 

1.018244 

Oi 

1.01824t 

1.01826b 

O7 

L01826r 

•I  an,  1.01826r; 
famdl,Oft. 


avoiato  doviatloa,  S»;  fcbbaUa  anar  al  atagla 


2b;  pfoliabia  anar  al 
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TABLE  3 
Results  with  Smith's  FoniL 


155  den 

alia] 

Laneatae. 

Medtaiaiaa 

Snanaiaa 

Dite 

Oba. 
lalne 

Mete 

acid- 
ity 

lec- 

valiM 

Oba. 
falM 

acid- 
1C7 

Cer- 

Oba. 

Mean 

add- 
itf 

Cer- 
lec- 

Cer. 

1910 

Mar  31 

lUHJMfe 
2S. 
2lt 

23« 
23b 
Vk 
22| 
S2« 
24. 
19i 

0.2 
0.2 
0.0 
3.8 
4.8 
6.2 
LS 

a3 
a2 

Oi 
Oh 
Ok 

If 

2i 
2i 
Oi 
Ol 
Oi 
Ob 

lUMsaob 

2S. 

231 
2Si 
25i 
23* 
tk 
32i 
24. 
19| 

JaiM    3 

Louaai 

111 

20« 
16f 
lib 

ss. 

a3 

4.0 
S.1 
5.9 

1.7 

ai 

Oi 
lb 

2. 
> 
01 
€b 

UU829. 
2Q| 

22r 

3Si 

. 

7 

10. 

14 

17 

23 

27 

Sift    1 

26. 

20i 
29i 

ao 
ao 

01 
01 
Oi 

26r 
20f 
29i 

28 

Oct   11 

26» 
23i 

S3i 

25i 

30. 
35i 
308 

24, 
27e 
22» 
2So 
31i 
23. 
33o 
28. 

0.4 
L5 

2.0 

as 
a3 

0.S 
0.3 
0.8 
0.3 
0.S 
1.3 

ao 

Oi 
0. 
Oi 

Or 

Ob 
Ob 
Ot 
Ol 
Oi 
Oi 

04 

Oi 

0| 
0. 
Ob 

27. 
23i 
33. 
25. 

3U 
354 

30i 
24, 
27. 
23. 
254 
31| 
23r 
33. 
28. 

29 

R«v.     5 

• 

15» 

1911 
fmm  14 

404 
874 
294 
28b 
29. 
2S| 

as 
a3 

a4 
a2 

Ql 
Oi 
Ot 
Ob 
01 
Oi 

404 
37. 
29i 
2flb 
29. 
2S. 

17 

'^••••••a 

23 

28 

JnUr     6 

U 

28 

Attf.    4 

24 

Sept    7 

Ho?,  16  M 

28. 
294 

Oi 
Oi 

28. 

294 

22 

.  .  .  F.  . 

1912 
Tan.   Iff 

3(h 
287 
28s 
28« 
20i 
21. 
30b 

L7 
0.0 

4.4 
0.8 

a8 

Ob 
0. 
Ob 
2. 
Oi 

o« 

0. 

30| 
28r 
28. 
28. 
20. 
22. 
30. 

1.018311 

1.7 

0| 

Veb.  13 

^ 

ao 

0. 

33b 

297 

01 

29i 

27, 
21. 

4.3 

ao 

1* 

04 

29. 

22. 

28 

Mar.  12 

3U 

0. 

3U 

Mean 

1.01826. 

Oft 

1.01826. 

1.01827. 

0. 

1.01828. 

1.018304 

Oi 

luntsik 

Mean  of  all*  1.018274;  avecmf e  devlatkn,  4.;  pnbabla  ener  ef  aln(la  ebaanaHon,  S4;  pfobable 
filial  leaolU  Ob. 

>*  Used  etoctrolyte.  ^  to  ptr  cent  deetitJyte. 
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HIGH  AaDITIES 


1^^ 

litdtamiin 

Snuilldn 

Dite 

Oh- 

ifwn 
•dd- 

Oor- 
rae- 

tka 

Cor- 
net 

VlhM 

Ob- 

MfVM 

Vita* 

Mms 
add- 

My 

Cor- 
ne- 
lian 

Cor- 
net 
vatat 

Oh- 

?Btai> 

Moan 

•eid- 

Hy 

Cor- 
nc- 

Ikn 

Cor- 
net 
valM 

1910 
Mr  29 

1.018231 

13.2 

Si 

1.018291 

l.O1820b 

13.9 

61 

1U)182^ 

I.OI82I1 
I61 
I81 

13b 

Vk 
IQ9 
07i 
•7i 
«7i 
lOi 

15.0 
48.9 
48.6 

215 
23.5 

48.2 

5a2 

49 

46 

46.5 

174 

17i 

■: 

17i 

177 
174 

I61 
I61 

1.018281 
33k 

8tit2S 

1911 
J«lr28 

07i 
15i 
09b 

34 
48.7 

13i 
10b 
17i 

2Qb 

264 

27i 

3S» 

24i 

Ame.   4 

23r 

11 

27t 
25i 

24r 
23r 
27« 

MMn 

1.01823i 

Si 

1.01829i 

1.0181ib 

lis 

1.01825i 

1.01812r 

14t 

14)1827« 

Mam  olaa  1.018261. 
VERT  HIGH  AaDITIES 


1911 
A«f.  11 

1U>1806| 

07. 

10b 

07i 

1.01787t 

I.OI8OO1 

1.01791i 

1.017731 

83.5 

81 

109.5 
113.5 
139.8 
134.5 
192 
193.7 

23i 
23i 
26i 
27i 
29b 
29b 
33i 
33r 

l.0183Qb 

8091.7 

• 

30r 
36t 
35» 

174 
29k 

07t 

Mmi  . 

28b 

1.0182ii 
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TABLE  5 
Results  widi  tfie  Smidi  Fonn 


(V€LM 


fHlik  MidltiM  In  bug*  ite  Milfl 

Dirtt 

ObMcved 

VikM 

Iffeoi 
•cMIU 

Cofvae- 
tton 

Cvnct 

VikM 

Inly  28 

LOlSlCb 
17t 

lOr 

a4wS 

21 !( 

47 
144.4 

ICt 
29b 

LOUaih 

Am.  4 

27i 

24 

26i 

Sept  7 

40b 

Mean 

LOUlb 

16r 

LOiaai 

9.  SBS0LT8  OF  OTHBR  tOSMS  OF  VOLTAMSTBKS 

Table  6  contains  the  summary  of  results  with  the  siphon  volta- 
meter, the  modified  siphon,  and  the  Poggendorff  forms.  These 
results  we  do  not  regard  as  sufficiently  accurate  to  include  in  the 
mean  with  the  porous  cup  and  Smith's  form.  The  figures  given 
for  the  siphon  form  are  relative  only,  since  it  is  not  possible  to  main- 
tain the  current  constant  during  the  experiment,  owing  to  the 
heating  of  the  long  column  of  electrolyte  in  the  siphon.  The  modi- 
fied siphon  and  the  Poggendorff  form  present  too  great  difficulties 
with  the  anode  slime  to  be  perfectly  reliable.  The  mean  of  these 
21  observations  is  i. 01832  volts,  which  although  appearing  much 
higher  than  the  mean  value  found  with  the  porous  cup  and  Smith 
forms  when  using  six  figures  is  very  near  to  the  value  adopted  by 
the  International  Technical  Committee  (1.0183),  as  the  voltage  of 
the  Weston  normal  cell  at  20^  C  when  we  use  five  figures  only. 
We  now  have  five  different  forms  of  voltameter,  giving  results  that 
fix  the  value  to  i  in  10  000  quite  certainly.  We  think  that  the 
reason  these  latter  forms  give  higher  values  is  the  escape  of  anode 
slime  to  the  cathode  in  the  case  of  the  modified  siphon  and  Poggen- 
dorff forms.  We  are  not  clear  why  the  siphon  form  generally  gives 
results  a  little  larger  than  the  porous  cup  and  Smith's  forms. 


R0f,Vmai, 


] 


The  Silver  VoUameter—Port  IV 


493 


TABLE  6 
Results  with  other  Forms  of  Voltameter 


(AddMMi 

■mail;  no  cacxactloBa  mada] 

Date. 

Siplion  iMiii^' 

Ifodlflad 
■Iphfln 

dOutelB 

Laffa 

Madina 

SmaU 

1910 
Mot  26 

1.01829 

23 

81 ' 

3% 
24fl 

IwM  9 

26i 

17 

23 

3l4 

27 

1.01832» 
29i 

494 
40i 
32, 
32i 
36< 

81i 

80 

21^ 

1911 
JwMl7 

23 

28 

July  6 

11 

1912 
Jan.  22 

1.01837T 
30i 

(1.018S9k) 
26r 

IJOiSNt 
30r 

90 

Mean 

1.018341 

1.01826T 

1.01833« 

1.01834* 

1.01829i 

1J018S24; 


L01834*; 


(21  a1 


L01829r; 


),  10)1832. 


4.  MISCBIXAllBOXrS  RESULTS 


Table  7  contains  the  results  of  the  miscellaneous  series  of  deposits 
in  most  of  which  the  electrolyte  was  not  pure  and  in  some  cases 
having  been  purposely  contaminated  for  the  sake  of  experiment. 
The  several  samples  of  salt  as  purchased  could  not  be  used  for  the 
higher  precision  work  without  further  purification. 

The  salt  from  Poulenc,  which  was  left  with  us  by  Prof.  Laporte 
of  the  Laboratoire  Central  d'l^lectridt^,  was  good  in  its  original 
condition  and  was  not  improved  by  the  simple  means  taken  to 
purify  it,  while  on  the  other  hand,  the  Baird  and  Tatlock  triple 
crystallized  salt  used  July  1 7  was  very  bad  in  its  original  condition. 
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A  single  fusion,  however,  followed  by  a  surface  washing  of  the  fused 
cake  made  it  satisfactory,  and  it  was  repeatedly  used  in  this  way. 
The  difference  between  the  two  salts  is  probably  due  to  different 
impurities,  although  in  the  case  of  the  Poulenc  salt  we  did  not  have 
enough.at  our^disposaljto.make  the  tests  conclusive. 

TABLE  7 

Miscellaneous  Deposits  not  Including  tiie  Eiqieriments  on  tiie  Effect  of 

Add 


ITte  ntolli  rec«Kd«d  In  thlt  labto  an  opialiwd  In  tlM  cotanm  al  raaniks.   WMi 

notod,  Quf  liavo  not  b««ii  Indisdad  In  Um  taMm  al  bait 


Date 

Laffa 

Small 

XtanaAa 

1910 

JolF    8..... 

i.01836i 

1.018271 

Salt  flram  Panlane,  laayatalltoad  anoa  and  fnaad 

39i 

29k 

Salt  flram  Panlane,  lacdpatalltoad  anoa  bat  aal  fnaad 

U 

1.01824* 

Salt  flram  Panlane,  loaad  bat  aat  lacdpatalltoad 

30i 

24« 

Salt  flmn  Potilanc»Bat  fciaad  andnsl  latttyatanlian 

Am.  2 

1.0209S 

1.02046 

ratar  yapar  ailmct  addad  to  alacMyto,  naotia],  fair  taaaiily  aMalad 

074 

040 

nuarpapar  ailmct  addad  to  atodnlbrt^  lOXlO-^  add  fair  baavl^ 

aniana 

Aflf.10 

1.018401 

L  01829k 

Salt  flram  Bakar  aa  pmAaaad,  KMnOi  taat  aal  aallBllaflBiy 

99i 

274 

X>a. 

IS..... 

1.018257 

18pareantporartactiaiy<a,lnclndadinmaanafTAiaI 

4MPV  •  •  •  • 

27i 

15  par  cent  para  aiacCnlyta,  faKladad  In  maan  aiTMbia  2 

26i 

10  par  eant  pnra  alactnlyiB,  Indodad  tai  maan  at  TMbia  2 

- 

28« 

7  par  eant  poia  elactialyla»  Inetadad  In  maan  at  iTabia  2 

22 

8208.92 

IfiDigiaaMy  O^jtu"*  a  flttor  tnba  aapadallf  tiaalada  aiadnlita  aold 

.50 

nautial 

Naf.  15 

1.018291 

1.01824» 

0.1  par  cent  al  KNOk  waa  addad  to  tha  alactiatpla 

23 

1.018S2t 

1.01839k 

Baizd  and  Taflocfc  aiactrolyta  aa  puiduaad 

39k 

Do. 

35» 

Vndual,  nat  polnnMlaad,  5  In  10->  paita  addad  la  alactia^ 

SSi 

Do. 

L02182 

Dapoatt  Bade  in  an  atmaailMca  at  COi 

88 

Do. 

1911 

July  17 

1.018S4| 

1.0184S» 

Balid  and  TaUocflc  eiactralyta  aa  pttNluaad(  paaana  Mp  wl^'Belar 

73i 

67i 

Bated  and  Tatlocltalaaia»taaap«ftioaid,SniMblBnn 

Oct,  21 

1.01822s 

Amarlcan  *****^*  pffrwp^  P^t*  ooaiaaandflilcfc 

^V^^W        ^^  ■  V  V  •  ■ 

19k 

Da. 

89t 

Pokal  flttor  bona  naad  aa  aaptam 

2Si 

Da. 

flva  *  a  A  A 

1.01821a 

A  m^i  ifaH  pocona  pwa)  aanka  aa  an  ^#ci.  u 

^^^m  •  •  •  • 

Do. 

88k 

Pokal  flttor  bolba,  aana  aa  an  Oct.  2r 

86i 

Da. 

BicDtmiil    J 
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Miscellaneous  Deposits  not  Including  the  Experiments  on  the  Effect  of 

Add — Continued 


M. 

Lvgt 

SniOl 

Xtsnuds 

1911 

. 

Nov.   9 

1.0182St 

JmBATBHS  BflCMM  P^^  SfltT  MVfCilll  fllortff  lO  BUI  iDfllO  lO  Httlfrltt 

mnilUliHt 

Zh 

Da. 

32i 

Pokal  filter  tmllM  afiw  aapocfaU  •florts  to  pot  tbai  la  MlUbto 
ctndiltoa 

82i 

Dt. 

27 

1.01831i 

Piece  of  luud  mbbor  ampmdod  fai  tho  oioctroiyteg  modhm  tin 

821 

20  per  cent  otoebolyto  wldi  2  X 10-^  alkiai  added 

1)08.    4 

1.01821^ 

riaiu  al  Imfl  lulilin  ■lamauiliiil  lu  Uiu  irttinljte 

1.01826i 

2X10-«Ba(OH)t  added  to  Ilia  electvolyto 

26t 

2.SXl0-«lVaOH  added  to  (he  eledmlyto 

14 

1.01842b 

fi&aillli  tocin*  Tha  alectialyte  waa  sat  camplatoly  freed  mm  afllca 

torn  tong  atoiafa  in  glaaa  bottlaa 

44t 

1.018391 

X>e. 

97s 

Pefavacnp.  Tba  alecMyla  waa  net  cmvtalelf  Iraed  Inm  aUfca 
inm  lanff  atocBfa  in  (laaa  bettlea 

30i 

Do. 

1912 

In.  16 

1.01836r 

1.01828i 

Second  trial  d  flhe  electfe^rto  d  Dec  14^  peroda^up  tonn 

Fab.  28 

1.01838« 

1.0182^ 

AnaOier  electTBlfte  like  Dec  14  aatlBinnf  the  KMnOi  teat  bntaiiowa 
vptaune  affect 

r. 

De. 

Mftr.  t.. ,. 

1.01933k 

Btocttolfto  atnnfly  wtauiinatod  vldi  filter  paper;  dapeeil  made 

toranalTBto 

The  deposits  on  August  i8  are  included  in  this  table  merely  to 
draw  attention  to  the  fact  that  the  variation  in  the  concentration 
of  the  electrolyte  is  without  any  certain  effect  on  the  deposited 
silver.  These  deposits  were  perfectly  normal  and  have  been 
included  in  the  results  given  in  Table  2.  The  deposits  made 
November  23  in  an  atmosphere  of  CO,  show  a  great  increase  in  the 
mass  of  deposit.  They  were  strongly  striated  and  so  tightly 
adherent  that  it  was  impossible  to  loosen  any  of  the  silver  with  a 
glass  rod. 

Beginning  on  October  2 1  we  made  several  experiments  on  porous 
pots  other  than  the  particular  kind  that  we  have  adopted  for  this 
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work.  The  kind  which  we  have  designated  in  the  table  as  "  Amer- 
ican made"  were  purchased  in  1907,  They  are  slightly  conical 
in  shape  and  somewhat  thicker  and  coarser  than  the  kind  we  gen- 
erally use.  They  have  the  added  disadvantage  of  containing 
considerable  quantities  of  iron.  In  the  first  two  experiments 
some  difl&culty  was  experienced  in  getting  the  cups  in  proper  con- 
dition, as  the  electrolyte  at  the  end  of  each  experiment  was 
decidedly  acid.  In  the  third  (Nov,  9),  however,  tiie  conditions 
were  better  and  the  weight  of  deposit  normal.  The  Pukal  bulbs 
gave  consistently  high  values,  although  they  are  made,  presumably, 
of  the  same  material  as  our  best  porous  cups.  The  cause  of  this 
is  not  certainly  known,  but  owing  to  the  smallness  of  the  anode 
that  must  be  used,  because  of  the  narrow  neck  of  the  bulb,  some 
trouble  might  perhaps  be  expected,  and  such  bulbs  should  not  be 
used.  Our  results  are  too  few  in  ntunber  to  settle  the  question 
definitely.  The  tests  made  with  hard  rubber  in  the  electrolyte 
were  for  the  pmpose  of  showing  whether  or  not  the  hard  rubber 
friction  rings  which  we  have  used  to  support  the  porous  cups  were 
likely  to  produce  errors  owing  to  the  electrolyte  creeping  up  the 
sides  of  the  porous  cups  by  capillary  action  and  in  this  way  wetting 
the  rubber.  Jaeger  and  Von  Stein wehr  have  actually  immersed  the 
rubber  in  the  electrolyte  as  a  support  for  the  porous  cup.  Our 
results  show  that  this  is  probably  permissible,  though  as  a  matter  of 
precaution  we  think  that  such  foreign  substances  should  be  kept 
out  of  the  electrolyte  as  far  as  possible. 

Two  electrolytes  are  quoted  as  showing  a  volume  effect  although 
they  satisfied  the  permanganate  test.  This  may  be  due  to  the 
presence  of  some  such  colloid  as  silica  from  too  long  storage  in 
glass  containers  (Part  III,  p.  543) ,  which  would  not  affect  the 
KMn04  test  but  may  increase  the  deposit.  This  case  is  the  excep- 
tion rather  than  the  rule  and  does  not  invalidate  the  value  of  the 
KMnO^  test,  if  proper  precautions  are  taken  when  preserving  the 
electrolyte  in  glass.  We  think,  however,  that  the  possibility  of 
this  case  arising  emphasizes  the  necessity  of  specifying  the  volume 
test  also  as  one  of  the  criteria  for  the  purity  of  the  electrolyte. 
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m.  SPECIAL  INVESTIGATIONS 
A.  ON  THE  AGREEMENT  OF  VARIOUS  FORKS 

1.  COMPARATIVB  RESULTS 

At  various  times  during  the  coui^  of  the  work  relatively  large 
differences  have  appeared  between  the  porous-cup  form  of  vol- 
tameter and  Smith's  new  form,  but  in  general  it  has  not  been 
possible  to  find  the  cause  of  the  difference,  although  numerous 
attempts  have  been  made  to  do  so.  This  is  because  the  difference 
has  usually  almost  vanished,  the  two  forms  drawing  together  as  the 
investigation  proceeded.  The  results  given  in  Tables  2  and  3 
show  the  average  difference  between  the  two  forms  to  be  only  7 
in  I  000  000,  which  is  sufficiently  good  agreement  for  a  primary 
standard  at  the  present  time.  Comparing  the  values  of  the  present 
paper  (3d  series) ,  taken  in  groups  at  different  periods  of  the  work, 
we  find  the  agreement  to  be  in  general  very  good.  The  results 
are  thus  shown  in  Table  8.  Table  9  shows  the  values  obtained 
from  these  two  forms  at  different  periods,  dating  back  to  the 
[inning  of  the  Btu'eau's  investigation. 

TABLE  8 
Mean  Values  for  Weston  Cell  at  Different  Periods  of  the  Work 


Dmto 


May  26  to  Sept 
1,1910 

Sept.  28  to  Nov. 
23,1910 

^mel4,1911,to 
Biar.  12, 1912. 

M cut  ae- 
conUngto 
size.. 


SnuWh  lonp 


No. 


10 


18 


32 


Laige 


1.0182i| 


1.01827» 


1.01828^ 


1.018268 


No. 


2 


12 


21 


Me<1hiTn 


1.01824T 


1.018251 


1.01830ft 


1. 01828o 


No. 


Small 


1.01830b 


1.018308 


Poiotis-poC  fofin 


No. 


21 


11 


15 


Laixe 


1.01827s 


1.01827r 


1.018274 


47 


1.018274 


No. 


15 


22 


Medium 


1.01823r 


1.01824t 


1.018294 


1.018248 


No. 


36 


17 


84 


87 


Dale 


May  26  to  Sept.  1, 1910 

Sept.  28  to  Nov.  23, 1910 

June  14, 1911,  to  Mar.  12, 1912 


Mean  aMordlng  to  form 


No. 


17 

6 

32 


fitnlt^l 


1. 018246 
L01826y 
1.018291 


No. 

72 
31 
53 


Porous  pot 


1. 01826i 
1.01826r 
1.018271 


WiftI 


1.01826| 
1.018264 
1.01826r 


1.01826r 


Mean  of  both 


No. 


89 
37 
85 


1.01825$ 
1.01826r 
1.018281 
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TABLE  9 
Comparison  of  Recent  Values  for  the  Weston  Normal  Cell 


Date 


190»-9.. 
1909-10. 
1910.... 
1910.... 

mo.... 

1910.... 
1911-12. 
19U-U. 


VInl  MiteSy  BtuMitt  al  Standaids... 
8«ooad  Mfies*  BtuMv  oC  Standard! , 
IntamaHanal  Tachnical  Canmilttaa  • 

do 

SaiidiaiidVliialatTaddliiilHi 

do 

Third  aartea,  Bnraav  oC  Staadarda... 
do 


Vottamater 


Snail  paravM  cop 
Faraiia  cup. ...... 

SmlOi'alBnii...., 

PMaoa^ 
Smldi'a 
Faraaai 
SmlUi'a 


42 

44 
14 
8 
15 
19 
156 
55 


LOiaak 

L0ti27s 

Loinii 

1.0182ir 
L018a« 
1.01S30« 

LOitaSf 

1.010274 


Maan  of  271  datarmlnaHinia,  parooa  cup*  1.01827«;  maaa  of  82  datanninaMma,  SmUi'a  tonn,  1.01828» 
2.  POSSEBLB  BZFUUff  ATIOirS  OF  OBSSRVBD  DOTBRSNCBS 

Notwithstanding  the  fact  that  the  difference  between  the  final 
average  values  of  the  two  forms  of  voltameters  is  only  seven  parts 
in  I  coo  coo  (Tables  2  and  3),  there  is  reason  for  believing  that 
this  is  not  accidental,  but  on  the  contrary  is  due  to  causes  that  are 
persistent.  We  have  given  much  study  to  the  cause  of  this  differ- 
ence as  well  as  to  the  differences  between  the  different  sizes  of 
voltameters  of  each  form,  and  present  the  following  discussion  of 
the  possible  causes  of  the  small  differences. 

First.  The  data  on  acidity  show  that  if  neutral  electrolyte  is 
employed  the  acidity  of  the  cathode  electroljle  at  the  conclusion 
of  the  experiment  is  on  the  average  higher  by  a  few  parts  in  a 
million  in  the  porous-pot  form  than  in  the  Smith  form.  This 
circumstance  may  account  in  part  at  least  for  the  lower  values 
obtained  in  the  former  t3rpe,  since  the  effect  of  acid  upon  the  deposit 
from  a  pure  electrolyte  is  to  decrease  it  slightly. 
'  On  the  other  hand,  it  is  quite  as  certain  that  the  very  concen- 
trated electrolyte  formed  around  the  anode  in  both  forms  of  voltam- 
eters may  become  very  slightly  basic.  In  view  of  the  fact  that 
in  three  of  the  deposits  made  by  the  International  Technical  Com- 
mittee (report,  pp.  157-158)  a  few  parts  per  million  of  added  base 
caused  a  heavy  striated  deposit,  it  seems  possible  that  this  base 
formed  around  the  anode  may  be  another  cause  of  the  difference 
between  the  two  forms.  It  is  to  be  noted  in  this  connection,  how- 
ever, that  the  basic  anode  electrolvte  formed  in  the  voltameter  is 
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not  opalescent  and  therefore  the  silver  hydroxide  is  probably  not 
colloidal,  so  that  its  effect  is  doubtless  not  nearly  so  pronounced 
as  in  the  case  of  the  added  base.  Nevertheless,  there  is  a  possi- 
bility of  the  formation  of  colloidal  hydroxide  at  the  cathode  if  any 
of  the  anode  solution  reaches  the  layer  of  dilute  electrolyte  next 
the  cathode;  for  it  is  known  that  silver  hydroxide  is  much  less 
soluble  in  dilute  than  in  concentrated  silver  nitrate  solution. 

It  is  known  also  that  colloidal  silver  hydroxide  may  remain 
undissolved  in  presence  of  more  than  its  equivalent  amount  of 
nitric  acid.  Therefore  the  possibility  that  nitric  acid  may  be 
found  at  the  cathode  equivalent  in  amount  to  the  base  formed  at 
the  anode  does  not  vitally  affect  the  question  of  the  formation  of 
colloidal  silver  hydroxide  near  the  cathode. 

Second.  In  the  paper  recently  published  by  Washburn  and 
Bates  '*  they  emphasize  the  reversibility  of  the  iodine  voltameter, 
and  it  was  with  a  view  to  ascertaining  the  limits  within  which  the 
silver  voltameter  might  be  said  to  be  reversible  that  we  under- 
took a  series  of  measurements  described  in  this  paper  tmder  the 
head  of ' '  Reversibility. ' '  One  fact  was  noted  in  these  experiments 
which  offers  the  second  possible  explanation  of  the  differences 
between  the  porous  cup  and  new  form  of  voltameter  and  also  why 
the  small  sizes  of  new  form  voltameter  should  give  heavier  deposits 
than  the  larger  size. 

The  anodes  in  the  experiment  of  March  1 1  were  two  large  size 
bowls,  one  containing  a  pure  crystalline  deposit  and  the  other 
strongly  striated,  each  being  about  10  grams.  These  bowls  were 
connected  to  smaller  bowls,  sennng  as  cathodes,  by  glass  siphons. 
The  electrolyte  in  both  was  made  from  pure  salt.'  The  current 
passed  through  them  was  one-half  ampere  for  one  hour,  thus 
transferring  about  2  grams  of  silver  from  the  large  bowls  to  the 
small  ones.  At  the  conclusion  of  the  run  the  voltameters  were 
carefully  dismantled  and  both  anode  and  cathode  bowls  care* 
fully  washed,  dried,  and  weighed.  The  quantitative  results  are  not 
of  interest  here,  but  only  the  fact  that  the  conditions  found  in  the 
two  anode  bowls  were  radically  different.  That  which  contained  the 
pure  silver  deposit  was  white  and  contained  relatively  little  anode 
slime.    This  too  was  white  and  fairly  coarse  so  that  it  did  not 

>*  J.  Ash.  Chcm.  Soc.,  t4,  p.  1341;  191*. 
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present  any  serious  difficulty  in  the  washing  of  the  bowl.  On  the 
other  handy  the  cup  containing  the  striated  deposit  was  very  dark 
in  color  and  contained  a  very  large  quantity  of  slime  which  made 
much  trouble  in  the  washing.  The  only  practical  method  of 
collecting  this  without  filtering  the  ]:equisite  four  or  five  liters  of 
wash  water  through  a  small  quantitative  filter  paper  was  found 
to  be  an  hourly  examination  of  the  water  in  latge  beakers,  collect- 
ing each  time  the  sediment  as  it  slowly  settled  to  the  bottom* 
After  the  first  large  amount  had  been  collected  and  rettuned  to 
the  bowl,  the  wash  water  was  apparently  perfectly  clear,  but  con- 
siderable quantities  of  fine  brownish  slime  could  be  collected  at 
each  time  that  the  liquid  was  examined. 

The  bearing  which  this  fact  has  upon  the  difference  between  the 
Smith  form  and  the  porous  cup  consists  in  emphasizing  the  neces- 
sity of  using  pure  electrolyte  in  forming  the  anode  for  the  former. 
In  general  no  great  pains  have  been  taken  as  to  the  purity  of  the 
solution  used  in  the  preparation  of  the  anodes,  and  past  experience 
has  shown  that  the  amotmts  of  slime  seen  on  the  anode  in  the 
Smith  form  varied  considerably  without  any  definite  reason  being 
known.  It  is  easily  conceivable  that  some  of  the  invisible  slime 
which  took  24  hours  to  settle  out  of  the  wash  waters  may  have 
exercised  some  influence  in  increasing  the  deposit  in  the  new  form 
over  the  porous-cup  form,  since  in  the  latter  it  could  not  pass 
through  the  porous  cup.  This  would  also  explain  why  the  small 
Smith  form  gives  larger  deposits  generally  than  the  large  size,  since 
obviously  the  same  amotmt  of  slime  would  probably  be  formed  in 
the  two  sizes  when  run  in  series,  the  anodes  being  alike,  and  the 
effect  would  be  proportionately  greater  in  the  smaller  volume  of 
solution.  This  also  may  explain  why  the  difference  between  the 
two  forms  has  varied  somewhat  at  different  times,  since  if  this 
theory  is  correct  the  difference  would  depend  to  some  extent  at 
least  on  the  electrolyte  used  for  forming  the  anode.  The  hopeful 
fact  remains,  however,  that  there  is  little  evidence  of  trouble  with 
the  Smith  form  if  the  anode  is  formed  in  pure  electrol)rte.  It  is  of 
course  possible  to  put  this  theory  to  a  crucial  test  and  such  was 
planned,  but  the  urgency  of  other  work  prevented  more  than  one 
experiment  being  made.     Hence  we  can  not  lay  much  emphasb  on 
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the  result  obtained,  although  it  is  in  the  right  direction  according 
to  the  theory. 


fPnpmd  flirai  inpim  ctoctidyto, 
[Pivfu^d  Inn  pim  •Itdiiljto. . . . 


423L87 
423L75 


\ 


aputaiBiooooo 


Other  observations  on  the  effect  of  impure  anodes  are  given 
under  the  head  of  "  Reversibility  of  the  voltameter,"  page  523. 

B.  ON  T9B  ACCURACY  OF  THE  MBASURSMENTS 

We  have  given  at  the  end  of  Tables  2  and  3  a  statement  of  the 
probable  error  of  a  single  measurement  and  also  of  the  probable 
error  of  the  arithmetical  means.  Since  the  probable  error  of  the 
means  is  equal  to  the  probable  error  of  a  single  observation  divided 
by  the  square  root  of  the  number  of  observations  we  may  readily 
find  by  putting  the  probable  error  of  the  final  result  equal  to  some 
arbitrary  figure,  as,  for  example,  i  part  in  100  000  that  if  the  proba- 
ble error  of  a  single  observation  is  3.4  parts  in  100  000  as  in  the 
case  of  the  Smith  form  that  the  number  of  observations  required 
is  1 2  and  similarly  for  the  porous  pot  7  observations,  which,  how- 
ever, must  be  independent  in  the  sense  that  each  result  is  the 
result  of  a  different  experiment  and  on  the  assumption  that  the 
accidental  errors  are  of  the  same  magnitude  as  in  the  present 
work.  From  the  above  it  would  appear  that  somewhat  better 
agreement  might  be  expected  in  the  restdts  recorded  in  Table  9  if 
the  errors  entering  were  purely  accidental,  which  is  certainly  not 
the  case.  Perhaps  the  chief  error  arises  from  a  variation  in  the 
electrolyte. 

We  know  that  the  electrolyte  used  in  the  first  two  series  of 
experiments  was  not  as  pure  as  in  the  last  and  therefore  we  have 
selected  out  the  small  size  porous-cup  voltameters  as  being  the 
more  acciuate  for  reasons  which  we  have  given  in  connection  with 
the  volume  effect.  It  is  to  be  expected  then  that  these  results 
should  be  somewhat  above  the  average.  The  most  notable  excep- 
tions are  the  results  obtained  by  Smith  and  Vinal  at  Teddington 
for  which  no  satisfactory  explanation  has  been  found.    For  the 


502  Bulletin  of  the  Bureau  of  Standards  iv^m 

last  series  the  results  are  based  on  the  determinations  with  what 
we  believe  to  have  been  the  purest  salt  and  are  probably  the  most 
trustworthy. 

In  making  determinations  in  the  future  for  checking  the  con- 
stancy  of  the  Weston  normal  cell  we  believe  that  as  many  different 
samples  as  possible  of  AgNO,,  each  conforming  to  the  required 
standard  of  purity,  should  be  used  to  avoid  systematic  errors. 

One  further  possible  source  of  error  remains  to  be  mentioned. 
We  have  been  dependent  on  wire  standards  for  our  value  of  the  ohm 
and  we  have  endeavored  to  conform  always  to  the  same  basis.  It 
is,  however,  possible  that  a  slight  drift  may  have  taken  place 
during  the  years  that  have  been  consumed  in  this  investigation. 
Similarly  there  is  an  uncertainty  as  to  how  nearly  the  cells  measured 
represent  the  Weston  normal  cell.  However,  these  uncertainties 
are  probably  less  than  one  part  in  a  hundred  thousand,  and  for 
want  of  any  knowledge  as  to  their  magnitude  no  correction  can 
be  applied. 

C.  REUABEJTT  OF  lODEOSmX  AS  AN  INDICAlXMt 

In  the  previous  paper  of  Hiis  series  (this  Bulletin,  9*  p.  529) 
a  method  was  described  for  the  determination  of  small  amounts 
of  free  acid  or  alkali  with  an  accuracy  of  at  least  i  part  per 
I  000  000.  In  order  to  obtain  such  a  degree  of  accuracy  it  can 
be  shown  that  an  indicator  must  be  selected,  the  turning  point 
of  which  is  below  [H'*']— ior«,  i.  e.,  the  indicator  must  be  suffi- 
ciently sensitive  to  detect  free  nitric  acid  if  the  latter  is  hundred- 
thousandth  normal  (o.ooooi  N  HNO,— 0.63  parts  HNO,  per 
I  000  000).  In  order  to  determine  whether  iodeosine  as  used  in 
the  method  described  possesses  this  degree  of  sensibility,  tests 
were  made  in  which  solutions  of  pure  potassium  chloride  and 
nitrate  were  titrated  after  the  addition  of  known  small  amounts 
of  acid  or  alkali,  using  both  iodeosine  and  methyl  red  as  indicators. 
In  every  case  the  results  with  these  two  indicators  agreed  within 
0.05  cc  of  o.ooz  N  acid,  equivalent  to  about  0.3  part  per  i  000  000 
of  nitric  acid.  In  general  it  was  found  that  methyl  red  was 
nearly  as  sensitive  as  iodeosine  and  for  an  accuracy  of  i  part  per 
I  000  000  could  be  substituted  for  it  in  these  titrations*  In  usiog 
methyl  red  as  the  indicator,  about  one  drop  of  the  indicator 
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solution  (0.2  per  cent  in  alcohol)  is  added  to  locc  of  the  solution 
to  be  tested  and  the  titration  carried  out  directly  in  a  small  flask 
or  beaker,  the  operation  therefore  being  much  more  convenient 
than  when  iodeosine  is  used.  The  conclusion  of  Tizard  *•  that 
methyl  red  changes  at  about  10-*  was  confirmed  by  experiments 
with  a  hydrogen  electrode,  using  solutions  of  potassitun  chloride, 
the  reaction  of  which  was  changed  by  the  addition  of  known 
amotmts  of  o.ooi  N  acid  or  alkali.  While  such  a  method  is  not 
suitable  for  the  very  accurate  preparation  of  solutions  of  known 
hydrogen  ion  concentration,  it  obviated  possible  effects  of  foreign 
salts,  since  the  solution  used  with  the  hydrogen  electrode  was 
similar  to  that  present  in  the  titrations. 

Since  the  iodeosine,  tmder  the  conditions  used,  was  found  to 
be  slightly  more  sensitive  to  acid  than  the  methyl  r^d,  it  follows 
that  the  iodeosine  has  effectively  a  turning  point  below  [H+]—  lor* 
and  is  therefore  suitable  for  detecting  as  little  as  i  part  in  i  000  000 
of  free  acid  or  alkali.  As  the  exact  turning  point  of  the  iodeosine 
is  no  doubt  dependent  upon  the  concentration  of  the  iodeosine 
in  the  ether  solution  and  aqueous  phases,  the  above  conclusion 
only  applies  with  certainty  to  titrations  carried  out  under  approxi- 
mately the  conditions  recommended  in  the  method  as  described. 
For  the  comparisons  of  these  indicators  with  the  hydrogen  elec- 
trode we  are  indebted  to  Dr.  William  Blum^  of  this  Bureau. 

D.  EFFECT  OF  ACJD 

We  have  given  above  a  discussion  of  the  effect  of  acid  in  the 
electrolyte  on  the  deposit  of  silver  and  have  shown  that  when 
the  electrolyte  is  pure  the  silver  deposit  is  less  than  normal,  depend- 
ing on  the  amount  of  the  acid  present.  We  purposely  limited 
the  discussion  at  that  point  to  the  case  of  pure  electrolytes,  since 
we  wished  to  derive  a  correction  to  be  applied  to  the  observations 
in  our  tables  of  best  quantitative  measurements  where  only 
pure  salt  was  used. 

1.  JEffTKCT  Olf  nCFDEB  SOLUTIOKS 

When  acid  is  added  to  solutions  that  are  impure  the  effect 
can  not  be  predicted,  since  it  depends  on  the  nature  of  the  impurity. 
The  following  experiments  show  a  case  where  an  electrolyte 

>•  J.  Chcsi.  Soc.,  |7,  pp.  a477-*l9o,  1910. 
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believed  to  be  pure  and  yielding  satisfactcuy  results  in  the  vol- 
tameter was  made  to  show  a  pronounced  volume  efltect  by  the 
addition  of  a  small  amount  of  pure  nitric  acid.* 

TABLE  10 
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ai 
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as 
as 
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L01822I 
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• 
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ia2 
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9.9 
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#•■■»  ■*»  •*»»•■•••••••••"••••"••••••"••••"••••••■ 

Ifadlna 
Snail 

On  the  other  hand,  the  experiment  of  August  2  showed  that  the 
'addition  of  acid  to  electrolyte  containing  considerable  filter  paper 
extract  might  produce  the  opposite  effect.  Using  two  laige  and 
two  small  porous-cup  voltameters  with  enough  filter  paper  extract 
added  to  the  electrolyte  to  produce  a  very  high  value  for  the  cell 
we  fotmd  the  following  results: 


laiia. 

Sman. 


Nanlral 
•lactialyle 


1.02095 
1.02046 


etodralila 


LQ2074 
1.02040 


The  terms  acid  and  neutral  electrolyte  used  in  coimection  with 
so  contammated  a  solution  are  merely  relative,  since  the  acidity 
of  the  solution  changes  so  fast  when  thus  contaminated  that  exact 
measurements  are  not  possible.  (See  p.  247^  Pt.  II,  of  this  series 
of  papers,  this  Bulletin,  vol.  9.)  The  acid  added  in  this  experi- 
ment wotdd  have  been  sufficient  to  render  a  pure  solution  add  by 
10  X IO-*  parts. 

Continuing  this  line  of  work,  we  next  tried  a  very  resistant  cellu- 
lose. In  this  experiment  two  filter  tubes  that  had  b^en  washed 
with  hot  distilled  water  to  dissolve  the  soluble  celluloses  were  used 


•The 


o(  an  tmimrity  In  thia  silver  nitrate  Vat  later  oonfimad  by  the 
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in  two  large  Rayleigh  voltameters.  They  were  assembled  the 
night  before  the  experiment  with  the  purest  electrolyte,  and  nitric 
acid  to  make  the  electrol3rte  30  x  ic^  parts  adc)  was  added  to  one. 
At  the  conclusion  of  the  experiment  there  was  only  15  x  lor*  parts 
add  found  in  this  voltameter.  The  resulting  deposits  were  as 
follows:  Prom  neutral  electrol3rte»  8208.50  mg;  from  add  dectro- 
l3rtey  8208.92  mg. 

The  result  would  seem  to  show  that  the  acid  broke  up  the 
resistant  cellulose  into  reducing  agents  and  thereby  caused 
heavier  deposits. 

It  is  quite  apparent  from  these  experiments  that  the  effect 
of  add  in  impure  solutions  is  uncertain  and  we  think  that  enough 
has  been  said  to  indicate  that  acid  may  sometimes  increase  the 
deposit,  as  in  the  experiment  of  July  15.  Smith  ^  concludes 
that  the  effect  of  nitric  add  is  to  lower  the  deposit  but  notes 
that  the  effects  are  very  irregular,  in  some  cases  a  marked  increase 
resulting.  We  think  that  the  phenomena  he  observed  are  explained 
by  the  variations  in  the  purity  of  the  electrolyte. 

2.  NATUSB  OF  THB  ACTION  OF  AOD 

To  explain  why  the  add  lowers  the  deposit  when  added  to  pure 
dectrol3rte  is  very  di£Scult  and  in  spite  of  numerous  qualitative 
experiments  no  certain  explanation  has  as  yet  been  found. 
Leduc'^  has  given  much  attention  to  this  question;  he,  however, 
thinks  that  when  add  is  formed  in  the  voltameter  it  originates 
at  the  anode,  but  this  seems  doubtful  from  our  experiments  as 
we  shall  show  later.  It  is  of  course  possible  that  the  hydrogen 
migrating  to  the  cathode  may  take  part  in  secondary  reactions, 
but  the  experimental  difficulties  in  obtaining  definite  data  as  to 
what  these  may  be  are  very  great.  We  have  tried  experiments 
of  letting  ^acid  in  water  solutions  of  known  strength  stand  on 
silver  deposits  without  the  passage  of  electric  current  and  have 
estimated  the  silver  dissolved  by  careful  titrations  with  ammomium 
thiocyanate.  The  amounts  found,  however,  were  very  small 
even  for  add  of  normal  strength  standing  over  night  and  the 
results  showed  the  surface  condition  of  the  silver  to  be  the  impor- 

**  Phil.  Tnuia.  A  S09,  p.  594;  i9oS'  ^  J-  <!«  Phyiiqac  I,  p.  561;  19M. 
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tant  thing  rather  than  the  amount  of  acid  or  the  length  of  time 
of  contact.  No  conclusion  can  therefore  be  drawn  as  to  whether 
there  is  a  possible  corrosion  of  the  cathode  deposit  or  not. 

In  another  direction,  however,  we  could  fortunately  get  definite 
and  satisfactory  results. 

It  seemed  possible  that  in  the  case  of  an  electrolyte  which  was 
appreciably  acid  the  decrease  in  the  silver  deposit  might  be  due 
to  a  depositing  out  of  the  hydrogen  ions  before  the  silver  b^;ins 
to  deposit  since  there  is  probably  at  the  instant  the  current  b^ins 
to  flow  a  greater  difference  of  potential  at  the  cathode  than 
obtains  afterwards,  as  the  discontinuous  character  of  the  deposit 
indicates  that  the  potential  difference  must  break  through  a 
sort  of  surface  fihn  and  establish  outlets  ^  for  the  current  to  the 
platintun  cathode.  If  this  were  possible,  by  making  deposits 
of  about  I  milligram  each  from  solutions  containing  acid  and  with- 
out the  difference  ought  to  be  qtiite  apparent. 

The  deposits  were  all  made  in  large  size  bowls  with  the  acidity 

of  the  electrolyte  carefully  determined.    The  time  of  the  deposit 

and  the  current  used  were  varied,  but  always  made  to  yield  about 

I  milligram  of  silver  theoretically.    The  time  was  measured  by 

a  chronograph,  except  for  the  longest  run,  and  the  current  by  a 

milammeter.    Following  this  the  deposits  were  carefully  washed. 

To  determine  the  amounts  of  silver  deposited  several  methods 

were  tried  since  the  weighing  of  so  small  a  deposit  was  unduly 

laborious.    Experiments  with  the  nephelometer  showed  that  the 

precipitate  of  silver  chloride  formed  after  the  deposits  had  been 

dissolved  out  of  the  cups  with  nitric  add  were  too  heavy  to  use 

this  instrument  with  satisfaction.     In  the  end  it  was  found  best 

N 

to  use  a   solution  of  ammonium  thiocyanate  with  ferric 

looo  -^ 

ammonium  alum  as  the  indicator  after  the  titrating  solution 

had  been  standardized  with  a  standard  silver  solution.    By  this 

means  very  satisfactory  results  were  obtained.    The  silver  deposits 

were  removed  from  the  bowls  by  hot  HNOg  and  water  i :  3. 

The  results  are  given  in  the  following  table,  together  with  the 

results  of  several  similar  escperiments  in  which  the  cups  were 

first  electrolyzed  for  four  hours  to  fill  them  with  oxygen  or  hydro- 

*  See  The  Silrer  Vottamcter.  Fait  H,  this  BuUedn.  %  p.  t7S  (Rcfwint  im). 
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gen.  In  this  case  there  appears  to  be  a  decrease  in  the  deposit 
in  the  oxygenated  cup  that  did  not  appear  again  after  the  first 
time  it  was  used.  The  effect  of  oxygen  in  the  cup  thus  appears 
to  be  smaller  than  has  been  previously  supposed.  The  slight 
gain  in  the  hydrogenated  cup  is  not  readily  explainable.  The 
titrations  are  estimated  to  be  good  to  about  0.05  milligram  of 
silver.  The  result  of  these  experiments  is  to  show  pretty  cer- 
tainly that  the  presence  of  acid  does  not  cause  the  diminution 
of  tl^  deposit  by  a  preliminary  deposition  of  hydrogen  before  the 
silver  begins  to  deposit.  Except  for  eliminating  this  possible 
explanation,  however,  it  throws  no  light  on  the  mechanism  of 

the  effect  of  acid. 

TABLE  11 

Experiments  to  Detennine  the  Initial  Effect  of  Add*  and  Oxygen  and 

Hydiogen 
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B.  INFLUBNCB  OF  SBPTA  OTHER  THAN  FQ.TER  PAPER 

1.SILK 

The  influence  of  silk  upon  the  weight  of  silver  deposit  has  been 
discussed  in  the  first  paper.  The  explanation  of  this  e£Eect  will  be 
briefly  considered  here. 

Ordinary  raw-silk  cloth  purchased  in  the  open  market,  part  of 
which  has  been  used  as  septa  in  voltameter  work,  was  extracted 
with  pure  neutral  double  distilled  water.  The  extract  was  dis- 
tinctly basic  toward  iodeosine  (in  ether-water  solution) .  The  ex- 
tract from  approximately  five  grams  of  the  silk  was  distilled  and 
the  distillate  tested  for  furfuraldehyde  by  means  of  the  very  sensi- 
tive xylidine  test  described  in  the  second  paper  of  this  series.  No 
reaction  for  this  aldehyde  was  obtained.  However,  the  distillate 
restored  the  color  to  magenta  solution  which  had  been  decolorized 
with  sulphurous  acid,  thus  indicating  the  presence  of  an  aldehyde 
of  some  kind.  No  attempt  was  made  to  identify  the  particular 
aldehyde  (or  aldehydes)  formed. 

Examination  of  these  aqueous  extracts  of  silk  (after  careful 
filtration  through  asbestos  and  finely  divided  platintun)  by  means 
of  the  ultra  microscope,  showed  them  to  be  distinctly  colloidal  in 
character. 

It  is  thus  apparent  that  the  chemical  and  physical  properties  of 
aqueous  extracts  of  raw  silk  (imwashed)  are  very  similar  in  these 
important  respects  to  the  aqueous  extracts  of  filter  paper  except 
as  to  the  particular  kind  of  aldehyde  formed  by  its  decomposition, 
so  that  their  very  similar  influence  in  the  voltameter  is  probably 
due  to  the  same  causes,  viz,  the  production  of  permanent  colloidal 
solutions  of  metallic  silver.  Indeed  such  silver  hydrosols  have 
been  formed  and  they  are  very  similar  in  appearance  to  those  pre- 
pared from  filter  paper." 

The  effect  of  thoroughly  washed  silk,  or  more  especially  of  silk 
which  has  been  used  repeatedly  in  the  voltameter  is  somewhat 
different.  In  this  case  the  silk  is  not  decomposed  into  aldehydes 
(which  probably  come  from  the  so-called  silk  glue)  but  may  be 
hydrolysed,  perhaps,  into  amino  acids  thus  rendering  the  electro- 
lyte acid  and  in  consequence  decreasing  the  weight  of  the  silver 
deposit.  Some  experiments  on  this  decomposition  are  given  in 
International  Report,  page  179. 

**  The  influence  of  gelatine  is  prot>ably  due  to  the  same  cause. 
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The  above  discussion  of  the  action  of  silk  on  the  electrolyte 
was  written  before  we  read  Von  Steinwehr's  recent  article,**  in 
which  he  denies  this  effect.  We  have  stated  that  the  initial 
effect  of  silk  in  the  voltameter  is  analogous  to  filter  paper  and 
have  presented  chemical  evidence  to  prove  it.  To  supplement 
this  we  publish  here  a  photograph  (Fig.  5)  of  a  striated  deposit 
(made  while  the  International  Committee  was  working  in  Wash- 
ington) resulting  from  the  use  of  pure  raw  silk. 

This  is  a  photograph  of  deposit  No.  69  in  the  tenth  experiment 
made  by  the  International  Committee  May  2,  19 10.  The  pure 
raw  silk  used  had  been  thoroughly  washed,  but  had  been  kept 
dry  for  about  two  months  and  was  washed  again  just  before  the 
experiment.  The  value  for  the  cell  computed  from  this  deposit 
was  1. 01 855,  which  is  abnormally  high,  beingf  28  in  100 000, 
above  the  mean  value.  A  piece  of  the  same  silk  was  wrapped 
around  a  porous  cup  in  deposit  No.  71  of  the  same  experiment 
and  increased  the  deposit  over  its  mate  No.  70  by  32  parts  in 
100  000.  This  seems  to  us  conclusive  evidence  that  silk  is  a 
dangerous  substance  to  use  in  the  voltameter. 

As  to  the  second  effect  of  silk,  whereby  acid  is  produced,  we 
wish  to  clearly  state  that  this  effect  does  not  influence  the  result 
simultaneously  with  the  effect  mentioned  above.  It  appears 
only  after  the  prolonged  use  of  the  silk  has  removed  the  soluble 
so-called  "silk  glue,'*  which  gives  rise  to  the  effects  analogous  to 
filter  paper.  Table  hY  of  the  International  Report  shows  that 
two  samples  of  silk  used  by  the  German  delegate  produced  on 
the  average  30X  10  — •  parts  of  acid  in  160  cc  of  electrolyte  after 
shaking  all  together  for  24  hours.  We  tabulate  below  all  the 
silk  observations  made  by  the  German  delegate  in  the  experi- 
ments conducted  by  the  committee  as  a  whole.  We  give  the 
absolute  value  computed  for  the  cell  in  each  case  except  the  last 
where  it  is  not  available.  In  this  case  we  have  assigned  the 
value  1. 01 83  adopted  by  the  committee  to  the  mean  deposits 
obtained  by  the  English,  French,  and  American  delegates  and  on 
this  basis  have  computed  values  for  the  German  cups.  In  column 
A  we  give  the  differences  between  the  mean  values  and  the 
1. 01 83  value  adopted  by  the  committee. 

** Za.  f.  Instr.,  St.  p.  sat;  19x3. 
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TABLE  12 
Showing  Effect  of  Silk  on  Voltameter  Deposits 
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It  will  be  observed  that  the  concordance  of  the  results  given 
by  the  German  delegate  with  the  results  obtained  by  the  other 
delegates  as  shown  by  his  Tables  LVI,  LVII,  and  LVIII  in  the 
Report  to  the  International  Committee  is  due  partly  to  the 
values  obtained  with  voltameters  which  had  no  silk.  They  did 
not  include  the  observations  of  May  14  since  no  absolute  values 
could  be  computed  for  these. 

Examining  the  table  we  have  given  above  we  see  that  his  silk 
voltameters  were  in  agreement  with  the  adopted  value  at  the 
start  or  even  slightly  above,  but  that  the  values  decreased  until 
at  the  end  most  abnormally  low  values  were  found. 

In  spite  of  all  this  Von  Steinwehr  calls  the  Kohlrausch  form  of 
voltameter  one  free  from  all  trouble  and  with  the  highest  claim 
to  be  a  satisfactory  instrument. 

2.  POROUS  POTS 

We  began  to  make  observations  on  the  possible  effects  of  the 
porous  pot  upon  silver  nitrate  as  early  as  September,  1909.  These 
tests  included  the  question  of  the  solubility  of  the  materials  of 
the  pot  in  water,  the  methods  of  removing  from  the  pores  the  acid 
and  other  chemicals  used  in  cleaning  the  pots,  the  cause  of  the 
darkening  of  the  pots  after  long  use,  their  effectiveness  as  filters, 
and  several  other  minor  questions.  As  a  result  of  these  tests  we 
adopted  a  standard  method  for  cleaning  and  preparing  the  pots 
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for  use  in  the  voltameter,  and  this  method  was  described  in  an 
earlier  paper  of  this  series.  Unless  otherwise  stated,  all  the  pots 
were  those  made  by  the  Kdniglich  Porzellan  Manufaktur.  The 
results  of  these  investigations  (made  between  September,  1909, 
and  February,  1910),  on  which  this  method  of  treatment  was 
based,  noiay  be  summarized  as  follows: 

The  best  "conductivity  water"  (specific  conductivity  ixior*) 
dissolves  a  very  slight  amount  of  electrolytes  from  new  unused 
and  untreated  porous  pots  when  the  water  is  allowed  to  slowly 
filter  through  the  pores,  the  first  few  cc  of  such  a  filtrate  showing 
a  specific  conductivity  varying  from  2  or  3  X  ior«  to  about  10  X  lo*^ 
or  even  greater.  Such  filtrates  also  show  a  basicity  toward 
iodeosine  varying  from  2  or  3  parts  in  i  000000  to  a  few  parts 
in  a  hundred  thousand  (in  terms  of  NaOH). 

Repeated  washing  of  new  unused  pots  reduces  this  ''  solubility  " 
of  the  pot  to  a  point  where  the  change  in  the  specific  conductivity 
of  pure  water  produced  by  filtering  the  water  through  the  pores 
is  less  than  i  x  io~^,  but  this  requires  a  great  number  of  washings 
and  is  not  a  practical  method  of  rendering  the  pots  insoluble. 

The  pots  are  most  easily  rendered  insoluble  (as  shown  by  cmi- 
ductivity  measurements  and  neutrality  tests  with  iodeosine  upon 
the  water  filtrates)  by  filtering  dilute  nitric  add  through  them 
and  subsequently  washing  out  the  acid  by  filtering  successive 
portions  of  twice  distilled  water  through  them  until  neither  the 
conductivity  nor  the  neutrality  of  the  water  is  appreciably  affected 
by  the  filtration;  that  is,  the  specific  conductivity  of  the  water 
must  not  be  changed  by  more  than  i  X  lo^^  and  the  basicity  (or 
acidity)  by  more  than  i  part  in  10*  (in  terms  of  HNOa).  The  pots 
can  easily  be  gotten  into  this  very  insoluble  condition  by  one 
treatment  with  acid  and  four  or  five  washings  with  water.  When 
the  pots  are  heated  to  redness  or  above  in  an  electric  oven  (to 
remove  silver  stains  or  other  impurities  from  the  surface  and  from ' 
the  pores)  they  are  much  more  alkaline  (after  cooling),  i.  e.,  the 
first  portions  of  water  filtered  through  them  are  strongly  alkaline. 
This  is  due  to  the  partial  volatilization  of  the  combined  alkalis 
of  the  silicates  of  which  the  pots  are  composed,  the  free  alkali 
condensing  in  the  pores  and  on  the  surface  as  the  pot  cools.  This 
free  alkali  may  be  quite  easily  removed  by  allowing  one  or  two 
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portions  of  dilute  nitric  add  to  filter  through.  When  this  add 
is  removed  with  the  water  as  before,  the  pot  is  again  in  a  h^hly 
insoluble  condition. 

When  a  lo  per  cent  solution  of  pure  silver  nitrate  is  filtered 
through  a  dean  porous  pot  which  has  been  rendered  insoluble 
and  neutral  in  the  manner  described  above,  the  filtrate  of  silver 
nitrate  solution  is  slightly  add,  the  maximum  amount  of  add 
which  we  have  observed  in  the  first  lo  cc  of  filtrate  was  approx- 
imatdy  i  part  in  lo'.  This  addity  decreases  as  successive  por- 
tions of  the  silver  nitrate  solution  are  filtered  through  the  pot.  If 
the  pots  be  entirely  filled  each  time  with  the  solution  and  the  whole 
of  the  solution  be  allowed  to  filter  through,  the  second  filtrate 
shows  less  than  one  part  in  a  million  of  add.  If  now  distilled 
water  be  filtered  through  the  pores  until  the  filtrate  is  again  neu- 
tral and  free  from  silver  nitrate  and  the  pot  be  allowed  to  dry,  it 
again  possesses  the  property  of  bringing  about  the  formation  of 
traces  of  add  in  the  first  portions  of  silver  nitrate  solution  filtered 
through  it.  This  seems  to  uidicate  that  the  reaction  (whatever  its 
nature)  whereby  acid  is  produced  is  at  most  only  very  slight  and 
very  soon  reaches  a  condition  of  equilibrium,  but  that  when  the 
products  are  completely  removed  this  condition  of  equilibrium  is 
disturbed  and  the  reaction  can  repeat  itself. 

For  the  foregoing  reasons  the  recommendation  was  made  to 
filter  at  least  three  portions  of  electrolyte  through  the  porous  pots 
before  using  them  in  the  voltameter  for  the  fiirst  time,  and  for  the 
same  reasons  it  is  not  permissible  to  wash  the  pores  free  from 
silver  nitrate  after  use;  indeed,  the  pots  are  in  their  most  resistant 
condition  when  the  pores  are  kept  saturated  with  the  same  dec- 
trolyte  that  is  to  be  used  in  the  voltameter.  When  a  porous  pot 
is  prepared  and  kept  in  accordance  with  the  foregoing  specifica- 
tions it  is  by  far  the  most  resistant  porous  septum  which  has  yet 
been  used  in  the  voltameter. 

With  regard  to  the  nature  of  the  action  whereby  the  very  slight 
amount  of  acid  is  formed  when  pure  neutral  silver  nitrate  solution 
is  filtered  through  a  clean  insoluble  porous  pot,  we  devoted  con- 
siderable effort  to  the  study  of  this  question  immediately  after 
the  effect  was  first  observed  and  came  to  the  conclusion  (i)  that 
the  action  wad  cataljrtic  in  nature  and  (2)  that  the  final  result  was 
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a  very  slight  reduction  of  the  AgNO,  to  metallic  colloidal  silver 
with  the  formation  of  an  equivalent  amount  of  nitric  acid.  The 
observations  which  led  us  to  this  conclusion  may  be  stmunarized 
as  follows : 

1.  The  first  portions  of  the  filtrate  show  a  very  slight  reduc- 

N 
tion  of KMn04  solution.**    Since  tests  showed  that  nitrites 

1000 
were  not  present,  and  since  we  have  shown  that  colloidal  silver 
reduces  KMnO^  solution  it  seemed  evident  that  this  reduction  was 
due  to  colloidal  metallic  silver.    The  second  and  third  following 
filtrates  show  no  such  reduction  (or  acidity). 

2.  Clean  insoluble  porous  pots  exercise  a  reducing  action  upon 
at  least  one  other  substance  besides  AgNOs,  viz,  chromic  acid. 
This  effect  was  first  observed  when  cleaning  porous  pots  with  the 
chromic  acid  mixture.  If  chromic  acid  (of  normal  strength  with 
respect  to  hydrogen)  be  allowed  to  remain  in  the  pores  for  a  day 
or  so  and  then  washed  out  the  solution  has  a  distinctly  olive- 
green  color  indicating  the  presence  of  a  chromic  salt  (i.  e.,  CrjO,  has 
been  reduced  to  Cr^O,).  The  chromic  salt  may  be  precipitated  as 
chromic  hydroxide  Cr  (OH),  by  ammonia.  It  was  at  first  thought 
that  this  reduction  must  be  due  to  dust  or  organic  impurities  in 
and  on  the  pot  but  the  effect  could  be  repeated  with  tlie  same 
pot  after  thoroughly  washing  out  the  acid  until  the  conductivity 
of  the  purest  water  was  unchanged  by  filtration  through  the  pot 
and  when  the  pot  had  been  heated  to  bright  redness  in  the  elec- 
tric furnace  and  the  greatest  care  taken  to  subsequently  exclude 
all  dust  and  organic  imptmties.  Ftu-thermore,  blank  experiments 
with  the  same  chromic  acid  in  the  same  surroundings  but  not  in 
contact  with  a  porous  pot  gave  negative  results.  Since  these  re- 
sults were  obtained  we  have  learned  that  a  somewhat  similar  phe- 
nomenon was  observed  by  Tscheishvili*^  with  solutions  of  potas- 
sium permanganate  and  asbestos  filters.  It  is  not  shown,  however, 
that  this  effect  is  due  to  a  reducing  action  on  the  solution. 

*  This  effect  of  porous  saliccout  material  npon  silver  nitrate  solution  is  discussed  by  H.  E.  Patten  (J. 
Phys.  Chem..  14.  p.  6ia,  1910).  This  t^ienacncnon  and  also  the  production  of  add  by  the  action  of  pofooa 
pots  upon  silver  nittate  solution  had  been  observed  in  this  laboratory  and  the  results  had  been  discussed 
in  a  conversation  between  one  of  the  present  authors  and  Dr.  Patten  before  the  publication  of  the  latter's 

"  J.  Ross.  Phys.  Chem.  Soc.,  it,  p.  856,  S910. 
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3.  Other  explanations  of  the  formation  of  acid  by  the  filtration 
of  silver  nitrate  solutions  through  the  pores  are  not  in  agreement 
with  the  facts,  as,  for  example,  the  possibility  of  a  double  decom- 
position of  the  silicates  of  tlie  pot  by  interaction  with  AgNO, 
resulting  in  the  formation  of  strongly  hydrolysed  (and  therefore 
acid)  salts  of  the  bases  of  the  silicates  (e.  g.,  MgO,  AljO,,  etc.,) 
for  such  an  action  would  not  account  for  the  presence  of  reducing 
substances  in  the  filtrate.  Likewise  the  possibility  that  colloidal 
AgOH  is  filtered  out  by  the  process,  the  hydroxide  remaining  be- 
hind  on  the  inner  wall  of  the  pot  is  untenable,  for  this  also  would 
not  account  for  the  formation  of  reducing  substances.  Such  an 
action  as  the  above  is  known  to  take  place  with  solutions  of  ferric 
salts. 

The  mechanism  by  which  this  catalytic  reduction  of  AgNO, 
(and  chromic  acid)  is  brought  about  is  a  matter  of  conjecture, 
but  this  does  not  alter  the  facts  in  the  least.  Whether  the  reduc- 
tion is  brought  about  by  the  direct  discharge  of  positive  silver 
ions  upon  the  negative  walls  of  the  pores  or  by  the  formation  of 
some  intermediate  product  (such  as  peroxides)  which  subsequently 
decompose,  giving  rise  to  the  same  end  products  can  not  be 
determined  from  the  knDwn  facts. 

3.  BLBCTROSTBNOLTSZS 

The  foregoing  phenomena  offer  a  satisfactory  explanation  of 
possible  electrostenolysis  in  the  porous  pot,  i.  e.,  deposition  of 
metal  by  the  current  at  points  other  than  the  primary  electrode. 
The  function  of  the  porous  septum  seems  merely  to  be  that  of  any 
catalytic  agent;  that  is  the  rate  of  the  spontaneous  decomposition 
of  silver  nitrate  into  mfstallic  silver  (which  tmder  normal  conditions 
is  inappreciable)  is  enormously  increased  by  contact  with  a  porous 
septum,  resulting  in  the  deposition  of  minute  traces  of  metallic 
silver  in  the  pores. 

After  some  metallic  silver  (no  matter  how  small  an  amount) 
has  been  formed  in  the  pores,  the  stenoljrtic  process  proper,  i.  e., 
the  increase  in  the  amount  of  silver  in  the  pores  by  the  action  of 
the  electric  current,  is  probably  due  to  the  silver  being  deposited 
on  the  cathode  side  of  a  particle  (i.  e.,  the  side  nearest  the  anode 
of  the  voltameter)  at  a  greater  rate  than  that  at  which  it  dis- 
solves from  its  anode  side.    This  difference  in  rate  is  proba- 
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bly  due  to  the  formation  of  silver  peroxynitrate  (Ag^NOu)  or 
some  other  product  which  tends  to  render  this  side  of  the  silver 
particle  "passive." 

This  stenolytic  action  is,  of  course,  dependent  upon  the  current 
density  through  the  pores,  the  potential  gradient,  and  the  percent- 
age strength  of  the  electrolyte.  This  action  can  at  most  be  but 
very  slight  under  working  conditions;  indeed,  there  is  no  experi* 
mental  evidence  that  it  OQCurs  at  all  under  the  normal  conditions 
in  the  voltameter,  since  the  very  sUght  amount  of  acid  formed  in 
the  cathode  chamber  may  be  produced  by  the  porous  pot  when 
no  current  is  flowing.  Moreover,  the  factors  which  cause  elec- 
trostenolysis  proper  are  identical  with  those  which  cause  sec- 
ondary reactions  at  the  anode  of  the  voltameter  tmder  normal 
conditions  (i.  e.,  high  current  density  and  dilute  electrolyte). 
Therefore  abnormal  conditions  of  concentration  and  potential 
gradient  which  favor  stenolysis  would  also  affect  the  electrolyte 
around  the  anode  in  any  nonsepttun  form  and  in  exactly  the  same 
manner.  It  would  seem,  therefore,  that  any  conclusions  as  to  the 
possible  evil  influence  of  the  porous  pots  under  normal  conditions 
deduced  from  the  effects  produced  under  the  exaggerated  con- 
ditions necessary  for  the  production  of  stenolysis  would  apply  as 
well  to  one  case  as  to  the  other,  so  that  in  this  respect  no  advan- 
tage can  be  argued  for  the  use  of  a  nonseptum  form  of  volta- 
meter. The  disadvantages  of  nonseptum  forms  due  to  anode 
slime  have  been  sufficiently  explained. 

Richards  has  shown  that  even  in  very  exaggerated  cases  of 
dectrostenolysis  the  weight  of  silver  deposited  is  not  appreciably 
affected.  F.  E.  Smith  has  obtained  lower  values  when  the  con- 
ditions were  selected  so  as  to  produce  pronounced  stenolysis  in 
the  porous  pots,*'  but  entirely  simifeu*  results  would  doubtless  fol- 
low if  the  same  conditions  of  dilution  and  fall  of  potential  were 
purposely  produced  at  the  anode  itself,  so  that  this  evidence  does 
not  condemn  the  porous  pot.  The  only  legitimate  objection  which 
can  be  urged  against  the  porous  pot  is  that  it  does  produce  a  very 
slight  catalytic  action  upon  the  electrol3rte  independently  of  the 
action  of  the  current ;  but  with  porous  pots  prepared  in  accordance 

with  the  specifications  given,  this  action  is  too  slight  to  influence 

■  I         ■ " ■     I  ■ .  ■  ■  ■  I ,. 
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the  weight  of  the  deposit,  as  the  results  of  the  numerous  experi- 
ments with  the  porous-pot  voltameter  show.  On  the  other  hand, 
if  no  septum  whatever  is  used  the  difficulty  of  dealing  with  the 
anode  slime  and  the  possibility  of  the  formation  of  base  at  the 
anode  are  quite  as  serious  objections  as  those  suggested  above 
concerning  the  porous  pots.  Actual  comparisons  have  shown 
that  both  of  these  possible  sources  of  error  are  easily  controlled 
in  actual  practice. 

F.  PURITT  OF  THE  SILVER  DEPOSIT 
L  gohstauct  or  ant  bs&or  dub  to  mcLnsioifs 

The  possibility  of  the  inclusion  of  foreign  material  in  the  silver 
deposits  has  been  recognized  since  the  time  of  Lord  Rayleigh's 
work  in  1884.  Many  attempts  have  been  made  to  measure  the 
quantity  of  such  inclusions  as  weU  as  to  determine  their  nature. 
The  results  of  different  observers  are  contradictory.  The  work  of 
the  present  authors  has  demonstrated  that  under  proper  condi- 
tions the  average  deviation  of  a  single  observation  from  the  mean 
of  a  series  can  be  made  as  small  as  a  few  parts  in  one  hundred 

thousand. 
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The  uniformity  of  the  means  as  well  as  the  smallness  of  the 
average  deviations  show  that  either  there  are  no  significant  inclu- 
sions of  liquid  or  other  foreign  matter  in  the  crystals  or  else  that 
such  inclusions  are  very  constant  in  amount.  The  deviations 
shown  in  the  above  table  include  many  sources  of  error  beside  the 
inclusion  in  the  crystals,  such  as  errors  in  timing  the  deposit,  the 
constancy  of  the  current,  washing  and  drying  the  deposit,  besides 
the  errors  of  weighing  the  bowls  both  witiii  and  without  the  silver 
deposit.    It  is  not  likely  that  in  a  silver  crystal  formed  perfectly 
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according  to  the  cubic  system  or  one  of  its  modifications  that  any 
appreciable  amotmt  of  inclusions  would  be  possible.  Colloidal 
particles,  however,  form  nuclei  for  new  crystals,  and  it  seems 
plausible  that  the  inclusions  if  present  are  caught  between  the 
crystals  as  they  form.  This  would  not  happen  often,  however, 
in  the  case  of  pure  electrolytes  which  contain  very  Uttle  colloidal 
matter.  It  is  not  necessary  that  we  should  know  what  the  amount 
of  the  inclusions  is  so  far  as  the  measurement  of  the  international 
ampere  is  concerned,  since  the  defined  electrochemical  equivalent, 
I.I  1800  mg  per  coulomb,  is  for  the  silver  as  we  find  it  deposited  in 
actual  practice  in  the  voltameter.  But  it  is  important,  if  possible, 
to  eUminate  any  error  due  to  the  inclusions  from  an  absolute 
determination  of  the  electrochemical  equivalent  in  order  to  com- 
pute the  value  of  the  faraday. 

2.  psxvious  dbtbrmhiatioiis  of  inclusioivs 

Lord  Rayleigh  and  Mrs.  Sedgwick^  made  two  attempts  to 
measure  the  inclusions  in  their  deposits.  In  the  first  place  they 
dissolved  deposits  in  HNO,  and  precipitated  the  silver  with  NaCl, 
comparing  the  results  with  pure  silver  obtained  from  Johnson  and 
Matthy,  but  the  results  were  inconclusive.  They  then  tried  heat- 
ing the  deposits  to  incipient  redness,  finding  a  loss  of  about  0.0 10 
per  cent  in  the  deposits  made  from  AgNO,  and  o.i  per  cent  in  the 
deposits  made  from  AgNO,  electrolytes  to  which  acetate  had  been 
added.  The  results  of  our  own  work  would  lead  us  to  expect  in 
the  former  case  an  even  greater  loss  than  they  found,  since  they 
were  using  the  filter-paper  voltameter.  This  is  because  the  silver 
colloid  formed  by  the  action  of  the  filter  paper  on  the  electrolyte 
tends  to  break  up  the  crystalline  structtue  of  the  silver  as  we  have 
shown  elsewhere  ^,  permitting  greater  amounts  of  the  liquid  to  be 
included,  besides  organic  matter  from  the  paper  itself.  The  small- 
ness  of  their  result  may  be  readily  explained  by  the  assumption 
that  they  did  not  drive  out  all  the  foreign  material.  In  case  of  the 
acetate  the  large  loss  is  not  surprising,  since  the  presence  of  the 
acetate  causes  a  very  complete  destruction  of  the  ordinary  silver 
crystals,  and  consequently  much  larger  quantities  of  foreign 
material  may  be  included. 

•  Phit  Tniu..  Hi.  p.  411.  "  Thb  BnlktiB,  f.  p.  i«s. 
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Thomas  Gray  *^  on  the  other  hand  noted  that  deposits  properly 
washed  may  be  heated  in  a  spirit  flame  without  loss  in  weight. 

Richards,  Collins,  and  Heimrod*'  made  an  analysis  of  their 
deposits  by  dissolving  the  silver  of  a  filter-paper  voltameter  in 
HNO,  and  precipitating  with  HBr.  They  fomid  the  mean  deficit 
of  silver  to  be  0.007  P^r  cent,  but  by  correcting  apparent  numerical 
errors  in  Nos.  35  and  36  of  their  table  this  is  reduced  to  0.002, 
per  cent.  Later  Richards  and  Hdmrod  ••  redetermined  the  inclu- 
sions in  the  silver  by  heating  the  deposit  to  incipient  redness. 
They  give  as  the  mean  loss  in  weight  0.018  per  cent,  but  note  that 
it  varies  somewhat  with  the  conditions  of  the  experiment. 

Van  Dijk  **  heated  the  platinum  crucibles  with  their  deposits 
in  an  electric  furnace.  His  conclusion  was  that  the  deposits,  as 
ordinarily  made,  contain  no  appreciable  inclusions,  but  if  a  deposit 
is  made  upon  another  deposit  which  has  been  heated  to  redness  a 
considerable  loss  in  weight  is  observed  the  first  time  the  new 
deposit  is  heated.  This  he  ascribed  to  fissures  and  cavities  in  the 
old  deposit  caused  by  the  strains  created  when  it  was  first  heated 
to  a  high  temperature.  These  cavities  inclose  liquid  when  the 
second  deposit  is  made  and  they  are  sealed  off  by  the  new  silver. 
Since  500®  is  sufficient  to  expel  this  liquid  the  first  time  the  cup 
is  heated,  no  further  loss  being  detected  on  subsequent  heatings, 
he  concluded  that  none  of  the  deposits  can  contain  inclusions  after 
being  thus  heated.  In  some  cases  he  used  a  temperature  as  high 
as  600°.  His  experiments  were  chiefly  on  deposits  made  in  the 
porous-cup  voltameter. 

Smith,  Mather,  and  Lowry  **  tried  heating  a  few  deposits  over 
a  Bunsen  flame  and  found  no  loss.  They  then  accepted  Van  Dijk's 
results  without  question. 

Jaeger  and  Von  Steinwehr  ••  heated  a  number  of  the  deposits  in 
the  crucibles  over  a  Bunsen  flame;  they  found  small  losses  which, 
however,  were  not  as  great  as  the  crucibles  suffered  when  empty. 
They  therefore  concluded  that  the  inclusions  are  insignificant. 

Duschak  and  Hulett  "  again  took  the  matter  up  because  of  the 
contradictory  results  of  Van  Dijk  and  of  Richards  and  Heimroi 

«  PhiL  Mag.,  tt.  p.  399:  1886.  .   »  PhU.  Tnns..  M7.  p.  570. 

**  Proc.  Am.  Acad.,  t&,  p.  Z3S;  1899.  **  Z9.  f.  Instr.,  IS.  p.  354. 

"  Zs.  f.  Fhys.  Chcm.,  41,  p.  jaz.  "  Tnna.  Am.  Blectro  Oicm.  Soc.,  It,  p.  957- 

•*  Arch.  Neer.  des  Sd.  U.  10,  p.  S77;  Ami.  der  Phyt.,  If.  p.  146. 
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They  placed  a  definite  quantity  of  deposit  in  combustion  tubing 
connected  to  a  small  manometer  and  sealed  it  off  after  drying 
the  interior  of  the  apparatus  and  evacuating  it.  When  the  heat- 
ing of  the  deposit  began  an  increase  in  the  pressure  was  noted  that 
progressed  in  stages  as  successively  higher  temperatures  were 
reached  until  the  maximum  of  about  600^  was  reached.  In  one 
X  experiment  using  a  quartz  bulb  the  temperature  was  carried  up 
to  the  fusion  point  of  silver,  but  the  gas  Kberated  after  passing 
600®  was  very  small  in  amount.  They  condensed  the  water  vapor 
in  a  capillary  tube  so  that  this  could  be  distinguished  from  the 
other  gases.  They  concluded  that  the  total '  inclusions  on  the 
average  were  about  o.oi  i  per  cent,  and  that  they  were  distributed 
throughout  the  crystals.  In  the  case  of  deposits  made  in  vacuo 
the  inclusions  seemed  somewhat  less. 

The  subject  was  again  taken  up  in  a  paper  by  Laird  and  Hulett.** 
They  made  some  modifications  of  the  preceding  method  of  which 
the  most  important  was  to  aUoy  the  silver  with  tin  in  order  to 
reduce  the  temperature  required  for  complete  expulsion  of  the 
inclusions.  They  also  endeavored  to  identify  the  substances  given 
out,  and  from  the  amount  of  nitrogen  found,  to  compute  the 
amount  of  entrapped  silver  nitrate;  but  this  method  suffers  from 
the  disadvantage  that  errors  necessarily  present  in  so  difficult  a 
determination  are  multiplied  by  12,  since  N:AgN0,::i:i2.  Their 
main  conclusion  was  that  silver  nitrate  in  appreciable  quantities 
is  present  in  the  silver  crystals,  but  probably  does  not  exceed  five 
parts  in  100  000  for  the  best  deposits. 

a.  BXPBRIMENTS  ON  INCLUSIONS 
Atthe  Btiraaii  of  Standards 

(a)  Detection  of  Silver  Nitrate. — For  the  estimation  of  the 
included  silver  nitrate  the  deposit  after  being  carefully  removed 
from  the  platinum  cup  was  alloyed  with  fifty  times  its  mass  of 
pure  redistilled  mercury  and  the  alloy  then  shaken  up  with  double 
distilled  water.  Any  silver  nitrate  present  would  be  liberated  by 
the  alloying  process  and  would  dissolve  in  tlie  water.  We  thought 
that  even  very  small  amotmts  could  be  detected  by  means  of 
phenol  sulphonic  acid  in  the  usual  manner  for  estimating  small 
amounts  of  nitrates.    Some  difficulty,  however,  was  encountered 

"  Tnns.  Am.  Blectrodiem.  Soc..  8f ,  p.  345- 
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in  detecting  in  this  way  the  small  amounts  of  silver  nitrate  pur- 
posely added  to  silver  amalgams  to  test  the  method.  It  was 
thought  that  the  trouble  was  due  to  the  presence  either  of  silver 
or  mercury  salts  or  to  both  in  the  solution.  Mercury  displaces 
silver  to  a  limited  extent  from  aqueous  solutions,  a  condition  of 
equilibrium  being  reached  in  which  both  silver  and  mercury  are 
present  in  the  solution.  Any  mercury  salts  present  in  the  solutum 
must  be  in  the  mercurous  condition  because  of  the  excess  of 
metallic  mercury  present.  Therefore  to  completely  remove  both 
silver  and  mercury  from  the  solution  it  is  only  necessary  to  add  a 
few  drops  of  hydrochloric  acid.  This  changes  the  nitrate  present 
into  nitric  acid,  in  which  form  it  can  be  readily  estimated  colon- 
metrically  by  the  phenol  sulphonic  acid.  Blank  tests  showed  that 
quantities  of  silver  nitrate  corresponding  to  less  than  one  part  in 
one  hundred  thousand  of  the  silver  present  in  the  amalgam  could 
be  easily  detected  and  larger  amounts  could  be  estimated. 

Several  normal  silver  deposits  were  examined  by  this  method 
for  occluded  silver  nitrate,  but  only  the  faintest  traces  (l^ss  than 
o.ooi  per  cent)  were  found.  It  is  therefore  certain  that  any  error 
due  to  included  silver  nitrate  alone  is  entirely  negligible  in  the  case 
of  our  normal  deposits  from  the  purest  electrolyte.  It  remained 
to  be  shown,  however,  whether  this  was  also  true  for  the  abnor- 
mally heavy  deposits  from  contaminated  electrolyte,  as,  for 
example,  the  deposits  from  the  filter-paper  voltameter.  Accord- 
ingly several  of  these  were  also  examined  in  the  same  way,  with 
the  result  that  a  very  small  but  definitely  larger  amount  of  nitrates 
was  fotmd.  In  making  the  estimation,  the  color  produced  was 
matched  with  that  formed  by  the  addition  of  a  known  amount  of 
standard  silver  nitrate  solution  to  a  thoroughly  washed  amalgam, 
all  of  the  conditions  as  to  dilution,  temperature,  etc.,  being 
exactly  the  same  in  the  two  cases.  The  amounts  of  nitrate  found 
in  the  silver  depk>sits  obtained  from  the  filter-paper  voltameter 
varied  from  one  to  two  parts  in  one  htmdred  thousand.  The  error 
due  to  the  inclusion  of  silver  nitrate  alone  can  not,  therefore,  be 
greater  than  one  or  two  parts  per  hundred  thousand  even  in 
deposits  which  are  heavier  than  the  normal  deposit  by  as  much  as 
ten  to  forty  times  this  amount. 
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(b)  EstimcUion  of  Included  Water  and  Volatile  Material. — It 
appeared  from  the  foregoing  results,  therefore,  that  if  the  excess 
(J)  in  mass  of  the  deposits  from  the  filter-paper  voltameter  over 
those  from  the  Richards  type  is  due  to  inclusions  (of  some  kind) , 
they  must  consist  of  some  impurity  other  than  silver  nitrate  itself. 
Water  seemed  the  most  probable  single  inclusion  other  than  col- 
loidal silver  which  could  be  present  in  amotmts  suflScient  to  account 
for  the  greater  portion  of  this  excess;  for  the  electrolyte  immedi- 
ately next  the  cathode  where  the  silver  is  being  deposited  must 
necessarily  be  much  more  dilute  than  the  average  concentration 
of  the  whole  electrolyte.  It  seems  highly  probable  that  the  inclu- 
sions (if  present  at  all)  must  have  practically  the  same  concentra- 
tion as  this  depleted  eIectrol)rte.  This  would  mean  that  the 
deposit  from  an  electrolyte  of  an  average  concentration  of  8  per 
cent  (such  as  may  be  present  in  the  cathode  chamber  of  the  small 
size  Richards  voltameters)  would  consist  of  not  less  than  92  per 
cent  water,  the  more  probable  value  being  something  like  95  to  98 
per  cent  or  even  greater. 

Accordingly  experiments  were  planned  to  determine  with  the 
greatest  possible  accuracy  tlie  total  amotmt  of  water  included. 
The  indirect  method  of  noting  the  loss  in  weight  of  the  silver  crys- 
tals when  they  are  alloyed  with  some  nonvolatile  metal  was  finally 
decided  upon  as  the  most  practical  way  of  accomplishing  this 
result. 

A  careful  consideration  of  all  the  nonvolatile  metals  which  might 
be  used  for  this  purpose  led  to  the  selection  of  platinum  as  the 
most  suitable.  Accordingly,  arrangements  were  made  to  alloy 
the  silver  deposit  with  the  platinum  crucible  in  which  it  was 
originally  deposited,  making  very  careful  weighings  to  determine 
any  loss  in  weight. 

The  heating  was  done  by  means  of  a  good  alcohol  flame,  and  the 
change  in  weight  of  the  crucible  alone  (heated  in  the  same  manner 
as  when  alloying  the  silver)  was  carefully  determined  before  the 
silver  was  deposited  in  it.  Likewise  after  alloying  the  silver,  the 
crucible  was  again  heated  to  determine  whether  the  weight  had 
become  constant.  The  question  of  the  volatility  of  the  silver 
under  the  conditions  could  thus  be  accurately  checked. 
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To  facilitate  turning  the  crucible  while  in  the  flame  in  order  to 
completely  alloy  every  portion  of  the  silver,  a  handle  of  stiff  platinum 
wire  was  fused  to  the  crucible  so  that  it  could  be  readily  handled 
with  platintmi-tipped  tongs.  A  tightly  fitting  platintmi  cover  for 
the  crucible  was  kept  in  place  during  the  heating  and  only  one  part 
of  the  crucible  was  heated  at  a  time,  so  that  there  was  always  a 
large  cool  surface  to  condense  any  silver  vapors  which  might  vola- 
tilize. 

The  time  available  for  this  part  of  the  work  permitted  the  carry- 
ing out  of  only  a  single  determination,  the  results  of  which  are 
given  below.  The  deposit  alloyed  was  from  electn)l3rte  strongly 
contaminated  with  filter  paper.  This  was  purposely  chosen  for 
this  first  experiment  because  it  was  thought  the  loss  in  weight 
would  probably  be  larger  than  from  a  normal  deposit.  Also  it 
should  throw  some  light  on  the  question  as  to  whether  the  excess 
mass  is  due  mostly  to  occlusions  or  to  colloidal  silver  itself.  In 
the  event  that  the  former  case  proved  true,  our  first  conclusion 
that  the  principal  r61e  of  the  colloid  is  in  breaking  up  the  crystalline 
structure  of  the  silver  deposit,  so  that  more  electrolyte  is  included, 
would  be  confirmed. 

Platinum  cup  empty:  sac 

Loss  of  weight  after  first  heating  (lo  min.) a  075 

Loss  of  weight  after  second  heating  (10  min.) 001 

Loss  of  weight  after  third  heating  (10  min.) 009 

Loss  after  first  heating  was  probably  due  to  some  volatile 
material  on  the  surface  of  cup  before  being  used. 

Platinum  cup  with  silver:  xnc 

Weight  of  silver  deposit X093. 930 

Excess  weight  over  pure  deposit a  560 

Loss  after  allo3dng  with  platinum , a  536 

Change  (gain)  after  second  heating a  030 

The  process  of  amalgamation  consumed  more  time  than  we  had 
anticipated,  hence  we  again  heated  the  cup  as  before  for  about  the 
same  time  (one  hour) ,  but  foimd  only  a  very  small  change. 

The  almost  exact  equality  between  the  loss  in  weight  upon 
alloying  and  the  excess  weight  (J)  of  the  deposit  over  the  normal 
deposit  would  seem  to  indicate  that  the  inclusions  in  the  normal 
deposit  are  negligible. 

(c)  Estimation  of  Organic  Material. — We  have  already  discussed 
this  in  Part  II  of  this  series  of  papers.     (See  Vol.  9,  p.  241 .)    Any 
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of  this  material  would  of  course  be  consumed  in  the  allojdng 
pixx^ess  given  above  for  determining  the  presence  of  water. 

(d)  Titration  of  the  Silver  Deposits. — ^The  ease  with  which  we 
succeeded  in  making  the  silver  estimations  of  small  deposits  when 
studying  the  acid  effect  led  us  to  try  to  extend  the  method  to 
titrate  larger  deposits.  We  hoped  that  by  standardizing  our 
ammonium  sulphocyanate  soluticm  against  some  of  our  best  elec- 
trolytic silver  we  might  sucessf ully  measure  the  diflFerence  in  silver 
content  of  a  pure  and  an  impiure  deposit.  The  indicator  was 
prepared  according  to  the  method  of  Hoitsema.**  We  did  not 
succeed  as  well  as  we  had  hoped,  however,  since  the  end  point  was 
transient  when  the  samples  of  silver  were  more  than  one  or  two- 
tenths  of  a  gram.  We  therefore  were  obliged  to  abandon  the 
effort. 

(e)  Conclusion. — ^We  do  not  regard  the  matter  of  inclusions  in 
the  silver  deposits  as  satisfactorily  settled.  We  believe  that  in 
the  best  deposits  they  are  very  small,  probably  less  than  5  parts  in 
100  000,  as  estimated  by  Hulett.  Our  determinations  of  the  silver 
nitrate  present  in  the  crystals  are  unfortunately  directly  opposed 
to  his,  so  that  for  lack  of  further  evidence  we  can  not  decide  this 
point.  The  woik  of  one  of  the  present  authors  (Vinal)  jointly 
with  Dr.  Bates,  of  the  University  of  Illinois,  on  a  comparison  of  the 
silver  and  iodine  voltameters  for  the  measurement  of  the  f araday 
emphasizes  the  desirability  of  investigating  the  inclusions  further. 
The  value  for  the  faraday  is  computed  and  discussed  in  their 
paper.** 

6.  REVBRSmiLITY  OF  THE  SILVBR  VOLTAHBTER 

In  some  of  the  earliest  researches  on  the  silver  voltameter  the 
current  was  measured  by  the  loss  in  weight  of  the  anode  as  well 
as  the  gain  in  weight  of  the  cathode.  This  was  true  of  Mascart's 
and  Gray's  work,  but  the  differences  tolerated  in  those  days  were 
greater  than  is  considered  permissible  to-day.  If  Faraday's  laws 
of  electrolysis  hold  strictly  for  the  silver  voltameter  there  should 
be  an  equivalence  between  the  loss  of  silver  at  the  anode  and  the 
gain  at  the  cathode,  but  with  the  advent  of  the  complex  ion  theory 
no  f mther  efforts  were  made  to  measure  quantitatively  the  changes 

*  Zt.  f.  AnoTf .  Chem.,  17,  p.  647;  1904.       ^  This  Bulletin,  10,  p.  425;  19x4  (Reprint  No.  szS). 
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taking  place  at  the  anode.  Washburn  and  Bates  ^^  reflect  the 
current  opinion  when  they  say  "The  reaction  in  the  silver  coulo- 
meter  is  not  reversible/* 

Since  our  work  has  shown  that  the  complex  ion  heretofore 
ascribed  to  secondary  reactions  at  the  anode  is  probably  non- 
existent and  that  the  effects  supposedly  produced  by  it  are  due 
to  colloidal  particles  either  present  in  the  electrolyte  or  produced 
by  substances  (such  as  filter  paper)  introduced  into  the  electro- 
l3rte,  it  seemed  worth  while  to  investigate  further  the  question 
of  reversibility. 

Before  m^ing  any  quantitative  experiments  we  began  by 
considering  the  acid  and  potential  changes  taking  place  in  the 
voltameter  dining  the  progress  of  an  experiment.  For  this  pur- 
pose it  was  most  convenient  to  use  as  an  anode  the  silver  coat- 
ing on  the  inside  of  a  platinum  bowl  the  electrolyte  in  which 
was  connected  through  a  siphon  with  that  in  a  second  bowl 
serving  as  cathode.  This  facilitated  taking  samples  of  the  anode 
and  cathode  liquids  for  acidity  tests  and  also  measuring  the 
potential  changes  between  the  bowls  and  some  reference  points 
which  were  fixed  at  the  end  of  the  siphon.  With  such  an  anode 
the  liquid  was  in  contact  with  both  silver  and  {datinum  as  in  the 
case  of  the  cathode.  In  the  latter  we  know  that  after  the  deposit 
begins  the  ciurent  flows  solely  to  the  silver  crystals,  so  that  the 
question  at  once  arose  whether  the  current  passing  from  the 
cmode  solution  would  do  so  from  the  silver  crystals  alone.  This 
was  found  to  be  true  provided  that  the  amount  of  silver  was  not 
too  small.  It  was  easily  proved  by  the  absence  of  silver  per- 
oxynitrate  crystals  and  by  the  absence  of  an  increase  in  acidity 
of  the  anode  liquid  almost  to  the  end. 

Samples  of  the  electrolyte  for  acidity  tests  were  taken  at  stated 
intervals  and  the  potential  differences  were  measured  on  a  high 
resistance  potentiometer  between  the  platinum  cups  and  the 
ends  of  the  siphons  where  fine  silver  wires  dipping  into  the  elec- 
trolyte were  fastened.  The  results  of  these  experiments  are 
best  shown  graphically,  and  in  the  accompanying  curves  (Figs. 
6  and  7)  we  give  the  acidities  and  potentials  plotted  as  ordinates 
against  the  amount  of  silver  remaining  on  the  anode  bowl  as 

A  J.  Am.  Chem.  Soc.  t4,  p.  64:  X9ia. 
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abscissa.  This  is  of  course  a  function  of  time  and  current.  In 
the  experiments  we  have  kept  the  current  as  constant  as  possible 
under  the  circumstances  so  that  we  might  compute  the  silver 
remaining  on  the  anode  from  the  time  of  taking  the  observations. 
The  abscissa  marked  "o.oo"  represents  the  theoretical  exhaus- 
tion of  silver  according  to  the  equation  M«  i.i iSoot/,  M  being  the 
mass  of  silver  taken  off  the  anode  in  milligrams  and  i  the  current 
in  amperes  and  t  the  time  in  seconds.  This  is  not,  however, 
strictly  true,  since  the  secondary  reactions  begin  when  the  break 
in  the  ciu-ve  comes.  This  means  that  current  is  passing  into 
the  solution  from  the  platinum  surface  with  the  formation  of 
AgyNOii  crystab  which  speedily  become  •  visible.  Consequently 
at  the  abscissa  "coo"  some  silver  is  still  to  be  seen  on  the  anode 
bowl. 

Fig.  6  shows  the  results  of  two  experiments  (indicated  by  the 
crosses  and  circles,  respectively),  made  to  determine  the  relation 
of  the  acidity  of  the  anode  electrolyte  to  the  amotmt  of  silver  re- 
maining on  the  anode.  The  crosses  represent  observations  when 
the  ciurent  was  one-fourth  ampere  and  the  circles  when  the  cur- 
rent was  one-third  ampere,  but  there  is  no  difference  between 
them.  Fig.  7  gives  the  curves  for  the  potential  of  the  anode 
relative  to  an  intermediate  electrode.  For  the  left-hand  ciurve 
the  ciurent  was  one-half  ampere  and  for  the  other  one-third 
ampere.  The  anode  was  always  positive  with  respect  to  the 
intermediate  electrode.  The  slight  initial  decrease  in  potential 
was  due  to  the  small  increase  in  temperattue  of  the  electn)l3rte 
before  a  steady  state  was  reached.  The  maximimi  potential 
difference  occurs  at  about  the  time  of  theoretical  exhaustion  of 
the  silver  on  the  anode. 

Fig.  8  gives  the  complete  data  regarding  both  anode  and  cathode 
changes  of  one  experiment  using  a  cturent  of  one-half  ampere. 
One  doubtftd  observation  on  the  anode  acidity  has  been  omitted 
as  there  is  some  reason  to  believe,  that  it  was  confused  with  a 
sample  taken  from  the  cathode.  The  characteristics  of  the  acidity 
and  potential  ctu-ves  for  the  anode  are  about  the  same  as  in  the 
precaiing  curves.  The  cathode  ciu-ves  II  and  IV  show  relatively 
uniform  conditions  to  hold  throughout  the  experiment. 
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Having  completed  these  experiments  we  were  in  a  position  to 
know  under  what  conditions  we  might  expect  the  voltameter  to 
be  reversible.  In  the  first  place  a  large  anode  surface  was  desirable 
to  reduce  the  slime,  and  in  the  second  place  we  saw  that  the  amount 
of  the  silver  on  the  anode  bowl  should  not  fall  below  2.5  or  3  g. 
We  accordingly  prepared  deposits  from  the  best  electrolyte  in  two 
of  the  large  bowls  to  serve  as  anodes  and  carefully  weighed  them. 
Other  bowls  (empty)  were  prepared  and  weighed  to  serve  as 
cathodes.    Siphons  connected  the  anodes  and  cathodes. 

The  results  of  two  experiments  were  as  follows: 

TABLE  14 
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It  will  thus  be  seen  that  the  agreement  of  the  loss  at  the  anode 
with  the  gain  at  the  cathode  is  about  the  same  order  as  for  standard 
voltameters,  so  that  we  may  say  that  under  these  conditions  the 
silver  voltameter  is  reversible.  This  indicates  a  nearer  approach 
to  a  simple  reaction  according  to  Faraday's  laws  than  has  been 
before  thought  likely.  It  also  argues  that  for  piu^  electrolytes 
the  inclusions  are  negligible. 

One  ftuHier  question  arose  in  connection  with  this  work  and  that 
was  the  effect  of  using  an  impure  anode.  It  was  hoped  that  by 
reversing  the  voltameter  as  above,  using  an  anode  that  was  strongly 
striated  that  the  difference  between  the  loss  at  the  anode  and  the 
gain  at  the  cathode  might  give  some  data  on  the  inclusions. 
Accordingly,  in  the  experiment  of  March  1 1  we  used  a  large  cup 
containing  a  striated  deposit  of  about  9  g,  which  was  more 
than  8  mg  excess  over  its  mate  made  from  a  pure  electrolyte.  It 
was  connected  by  a  siphon  to  a  second  cup  serving  as  cathode  and 
the  whole  filled  with  pure  electrolyte.  The  experiment  had  not 
proceeded  far  before  there  was  a  marked  difference  in  the  appear- 
ance of  the  anode  bowls.  That  containing  the  pure  deposit 
remained  white  and  at  the  end  contained  little  anode  slime  while 
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the  other  turned  dark  and  at  the  end  contained  an  abundance  of 
fipe  brownish  slime  that  made  great  trouble  in  washing  the  bowl, 
as  we  have  already  described  on  page  500.  All  this  slime  which 
could  possibly  be  recovered  was  put  back  in  the  bowl.  After 
washing  it  was  dried  and  weighed.    The  results  were  as  follows: 

mg 
Anode  lost 2095. 43 

Cathode  gained 2092.21 

Standard  Smith  form 2091. 83 

The  conclusion  leaves  no  room  for  doubt  that  the  piuity  of  the 
anode  is  essential  in  such  an  experiment.  The  excess  of  its  cathode 
over  the  standard  form,  which  from  the  other  cathode  appears  a 
little  low  (Table  14),  suggests  that  such  imptuities  as  were  con- 
tained in  this  anode  may  influence  the  deposit  on  the  cathode,  as 
we  have  already  suggested  more  at  length  on  page  500. 

H.  A  SIMPLE  VOLTAHBTER  OF  SMALL  COST 

It  seemed  worth  while  to  design  if  possible  a  form  of  voltameter 
which  wotdd  give  a  fair  degree  of  accuracy,  but  at  the  same  time 
be  an  inexpensive  instnunent  for  general  use.  The  anode  was 
made  in  the  form  of  a  large  ring  set  in  a  glass  dish  containing  the 
electrolyte.  This  silver  ring  was  made  large  to  minimize  the 
difficulties  with  the  anode  slime.  The  cathode  was  a  small 
platinum  ring  resting  in  a  shallow  glass  dish  submerged  in  the 
electrol3rte  and  so  arranged  that  the  whole  might  be  lifted  out 
together.  As  this  platinum  ring  weighed  only  10.5  g,  the 
largest  item  of  expense  was  reduced  to  about  one-tenth  that  of  the 
large  size  standards.  It  is  not  intended  that  this  form  should  be 
used  in  any  work  requiring  the  highest  precision,  but  the  following 
comparisons  show  that  it  may  be  relied  on  to  a  few  htmdredths  of 
I  per  cent.  The  arrangement  of  the  parts  is  shown  in  the  accom- 
panying drawing  (Pig.  9) : 
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IV.  VOLUME  EFFECT 
In  our  third  paper  "  we  have  described  a  phenomenon  which  we 
have  designated  as  the  "  volume  effect."  This  is  manifested  in  the 
case  of  impure  electrolytes  by  an  increased  weight  of  deposit  in  the 
large  bowls  over  that  in  the  small  bowls,  used  simultaneously,  the 
excess  of  the  former  being  roughly  proportional  to  the  difference 
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in  volume  of  the  cathode  liquids  in  the  two  sizes.  By  learning 
how  to  purify  the  electrolyte  we  overcame  the  diiBculty.  As  the 
results  given  in  this  paper  show,  the  large  and  small  sizes  E^;ree 
when  the  electrolyte  is  pure.  We  regard  this  volume  eflfect  as  a 
valuable  test  of  the  purity  of  the  electrolyte.     We  had  not  intended 
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to  discuss  this  matter  further  until  specifications  are  adopted,  but 
a  recent  paper  by  von  Steinwehr  ^  seems  to  call  for  some  further 
discussion.  He  says:  ''We  are  drawn  to  the  opinion  that  if  the 
reality  of  the  volume  effect  may  have  been  established  it  is,  after 
all,  very  extraordinary  that  it  has  been  only  observed  with  the 
porous-pot  type  and  not  to  appear  in  the  other  types  also.  It 
naturally  follows  from  this  that  this  effect  is  not  to  be  sought  in 
the  originally  present  impurities  in  the  solution,  but.in  the  porous 
pot  itself."  We  have  previously  discussed  this  question  at  some 
length  ^  and  have  shown  that  the  volume  effect  has  been  observed 
in  other  forms  of  voltameter.  We  have  also  given  *•  good  experi- 
mental evidence  that  a  suitable  purification  of  the  electrolyte  will 
eliminate  the  volume  effect. 

Going  back  30  years,  we  find  evidence  of  the  volume  effect  in  the 
work  of  Lord  Rayleigh  and  Mrs.  Sedgwick,**  who  used  the  filter- 
paper  voltameter.  Examining  their  Table  II  we  find  that,  aver- 
aging all  their  differences  between  large  and  small  voltameters  for 
all  the  observations  used  for  computing  the  final  value,  that  the 
deposit  in  the  large  cups  exceeds  that  in  the  small  cups  by  14.5 
in  100  000,  and  only  in  one  case  out  of  10  does  the  deposit  in  the 
small  cups  exceed  that  in  the  large  cups.  We  were  not  the  first 
to  recognize  this  difference  since  Schuster  and  Crossley  *^  called 
attention  to  it  in  1892  and  tried  to  explain  it.  They  say:  **A  sec- 
ond anomaly  Ues  in  a  small  but  regular  discrepancy  in  the  deposits 
when  they  are  taken  simultaneously  in  platinum  bowls  of  different 
sizes."  Their  results  are  given  in  their  Table  I  (p.  347).  In  only 
one  observation,  which  is  very  discordant  with  the  others,  does 
the  deposit  in  a  small  bowl  exceed  that  in  the  large  bowl.  The 
mean  excess  of  the  large  bowls  over  the  small  bowls  for  the  other 
seven  observations  is  17  parts  in  100 000.  They  say:  ***  *  * 
the  results  give  a  consistent  difference  of  about  2  parts  in  10  000 
in  favor  of  the  large  bowl." 

The  volume  effect  is  also  to  be  observed  with  the  siphon  voltam- 
eter as  pointed  out  in  our  third  paper.**  Indeed,  von  Steinwehr 
calls  attention  to  the  large  values  obtained  using  siphons  by  Kohl- 

^Zs.  f  InsCrk,  tt,  p.  3«i;  1913.  ^  Phil.  Trans.,  176,  p.  438;  1884. 
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rausch  and  Laporte,  but  in  each  case  he  adds  that  it  is  due  to  some 
hitherto  unexplained  error!  In  conformity  with  these  observa- 
tions otu-  own  show  the  mean  value  of  lo  siphon  observations 
to  be  1 .01 858  volts  for  the  Weston  cell  at  20**,  which  is  30  parts  in 
100  000  over  the  value  as  determined  by  the  porous-cup  voltameter 
in  the  same  series  of  measurements.  This  difference  can  not  be 
attributed  to  experimental  error.  Moreover  we  have  shown  in 
this  paper  *•  Jhat  we  have  brought  the  siphon  voltameter  nearly 
into  agreement  with  the  porous  pot  and  Smith  forms  by  purifying 
the  electrolyte  to  the  highest  degree,  as  we  know  how  to  do  now. 
The  mean  value  of  five  siphon  voltameter  determinations  of  the 
cell  given  in  this  last  paper  is  now  i. 01 832,  or  26  parts  in  100  000 
lower  than  before  obtained,  using  unpurified  electrolyte  in  the 
same  cups  and  with  the  same  siphons.  Such  differences  can  not  be 
accidental.  Fiuther  evidence  on  the  volume  effect  in  the  siphon 
form  is  fotmd  on  pages  156  and  165  of  the  Report  of  the  Interna- 
tional Technical  Committee.  The  experiment  of  May  10  included 
six  voltameters  of  the  siphon  form,  as  well  as  several  other  standard 
forms.  The  electrolytes  used  were  from  three  sources.  That  des- 
ignated as  A  was  prepared  by  Mr.  F.  E.  Smith  of  the  N  P  I^  and 
was  believed  to  be  the  purest;  that  designated  as  B  was  as  pur- 
chased from  Poulenc  and  our  tests  showed  it  somewhat  impure; 
that  designated  as ''  Old  Baker  "  was  fotmd  by  tests  to  be  the  most 
impure  of  all.  Expressing  the  results  in  terms  of  the  mean  of  all 
the  voltameters  taken  as  unity  we  find  the  relative  weights,  as 
given  in  the  first  part  of  the  table,  page  156,  as  follows: 
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Or  compared  with  the  Smith  form  taken  as  standard,  as  on 
page  157,  we  find  these  results  as  follows: 


Xtoctnlyte 

Mam 

A 

r  Looou 

I    L 00012 
1    1.00026 
L00040 
r    L00049 
t    1.0003S 
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B 

OMBOw 

The  obvious  conclusion  in  any  case  is  that  the  electrolytes  gave 
volume  effects  in  the  order  of  their  estimated  impurity. 

As  to  the  volume  effect  in  the  new  form  no  conclusions  can  be 
drawn  from  Table  XLVIII,  as  given  by  the  International  Com- 
mittee, since  Mr.  Smith  did  not  use  an  impure  electrolyte  in  a 
small  size  of  his  voltameter,  but  data  is  available  in  Table  No.  7 
of  miscellaneous  results  given  in  the  present  paper.  On  July  17, 
191 1,  we  used  an  electrolyte  as  purchased  from  Baird  and  Tatlock. 
This  showed  a  volume  effect  in  both  the  porous-cup  form  and  the 
new  form,  and  again  on  December  14  an  electrolyte  yielding  an 
abnormal  result  in  the  porous-cup  form  showed  a  volume  effect 
in  the  Smith  form  also.  We  believe  that  enough  work  has  been 
done  to  show  that  the  volume  effect  is  not  confined  to  the  porous- 
cup  form. 

Dr.  von  Stein wehr  lays  particular  stress  on  three  "objection- 
free"  observations  contained  in  Table  XXVIII  of  the  report  of 
the  International  Committee  which  show  small  values  in  large 
voltameters  for  electrolyte  believed  to  foe  impure.  But  it  is 
impossible  to  prove  that  the  volume  effect  is  a  porous-pot  phe- 
nomenon from  these  three  "objection-free"  observations  since 
two  of  them  were  made  by  Prof.  Laporte  using  Smith's  new  form 
of  voltameter,  as  can  be  seen  by  reference  to  the  original  tables, 
while  the  third  was  made  in  a  porous-cup  voltameter  by  Prof. 
Laporte  using  a  very  small  anode,  as  may  be  seen  by  referring  to 
page  148. 

We  now  come  to  the  question  of  whether  the  reproducibility 
of  the  porous-pot  voltameters  is  sufficient  to  prove  the  reality  of 
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the  difference  between  the  large  and  small  sizes.  Dr.  von  Stein- 
wehr  denies  that  it  is.  He  points  out  that  the  average  difference 
between  large  and  small  voltameters  in  our  first  series  is  only  2.5 
in  100  000.  He  would  be  quite  right  in  saying  that  we  had  not 
proved  our  point  if  our  evidence  rested  on  this  alone.  At  this 
time  we  were  using  the  largest  size  of  porous  cup  shown  in  Pig.  2 
of  our  first  paper,  in  the  large-size  bowls.  The  bulk  of  these  porous 
cups  so  diminished  the  volume  of  cathode  liquid  that  its  excess 
over  that  in  the  small  bowls  was.not  great  and  hence  only  a  small 
voltune  effect  would  be  expected.  The  voliune  effect  depends  of 
course  on  the  difference  in  the  voltunes  of  the  electrolyte  in  the 
cathode  space,  and  not  on  the  difference  in  the  sizes  of  the  bowls. 
We  did  not  discover  the  volume  effect  tmtil  we  began  using  the 
smaller  porous  cups  in  the  large  voltameters  (second  series). 

Then  we  carried  the  computations  back  for  the  first  series  and 
found  the  difference  2.5  in  100  000  recorded  above,  which,  while 
small ,  is  in  the  direction  to  be  anticipated.  The  second  series  of  meas- 
urements mentioned  by  von  Steinwehr  are  of  Uttle  interest,  since  all 
the  experiments  in  which  large  and  small  voltameters  are  com- 
pared have  been  separately  tabulated  in  Table  9  (supplement  to 
report  of  International  Technical  Committee) ,  which  he  calls  the 
third  set  of  observiations.  In  this  it  is  shown  that  the  mean  of  the 
large  cups  exceeds  the  mean  of  the  small  cups  by  7  parts  in  100  000. 
However,  von  Steinwehr  does  not  consider  the  reproducibility  of 
the  voltameter  good  enough  to  prove  this.  If  there  were  no  vol- 
ume effect  it  would  be  reasonable  to  suppose  that  in  half  the  experi- 
ments the  deposits  in  the  small  voltameters  would  exceed  those  in 
the  large  sizes,  but  this  is  not  the  case.  The  deposits  in  the  lai^ 
voltameters  exceed  those  in  the  small  sizes  in  every  case. 

Accidental  errors  are  boimd  to  enter  into  the  observations  and 
hence  we  must  compute  a  mean  result,  which  is  mathematically 
better  than  the  result  of  a  single  observation  by  the  square  root 
of  the  number  of  observations.  When  a  difference  is  observed 
always  in  the  same  direction  it  can  not  be  called  an  accidental 
error.  We  have  shown  in  Table  7  of  the  supplement  to  the  inter- 
national technical  committee  report  that  the  average  reproduci- 

bility  of  the  small  porous-cup  voltameter  is ,  or  the  average 
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deviations  in  various  runs  is  3  in  100  ooo,  yet  von  Steinwehr  com- 
ments on  the  "  not  very  great  consistency  "  of  our  results  when  his 
own  results  given  in  Table  5  of  his  1908  paper  shows  his  average 
variation  using  the  Kohlrausch  voltameter  to  be  about  9  parts  in 
100  000  and  with  the  porous-pot  form  about  8  parts  in  100  000. 
These  average  deviations,  as  will  be  seen,  are  between  two  and  three 
times  as  large  as  have  entered  in  our  work. 

Referring  to  page  338  of  von  Steinwehr's  1908  article  we  find 
that  the  maximum  amount  of  electrolyte  used  was  95  cc,  which 
corresponds  almost  exactly  to  our  smallest  size  of  voltameter. 
We  think  if  he  had  used  larger -sizes  of  voltameter  (about  350  cc) , 
such  as  have  been  used  by  the  N  P  L,  LC  ]@,  and  B  S,  that  he  would 
have  fotmd  the  volume  effect  himself.  Satisfactory  tests  for  the 
volume  effect  can  not  be  made  without  using  bowls  differing  con- 
siderably in  volume.  Such  small  bowls  as  used  at  the  Reichsan- 
stalt  would  not  be  expected  to  show  it. 

V.  CONCLUSIONS  AND  SUMMARY 

This  paper  concludes  the  experimental  work  which  has  been 
done  at  the  Bureau  of  Standards  on  the  silver  voltameter  as  an 
international  standard.  Some  fiuther  work  on  a  few  remaining 
problems  including  the  determination  of  the  purity  of  the  deposited 
silver  has  been  planned,  but  will  be  done  elsewhere.  In  this,  the 
Bureau  will  cooperate.  The  meastu-ement  of  the  Faraday  has 
been  carried  out  jointly  with  Dr.  S.  J.  Bates,  of  the  University  of 
Illinois,  who  used  the  iodine  voltameter  simultaneously  with  the 
silver  voltameter  at  this  Bureau.  The  results  of  this  work  are 
to  be  published  shortly. 

Following  this  paper  we  shall  publish  a  general  summary  of 
the  work  done  here  with  the  object  of  presenting  the  recent 
developments  as  concisely  and  completely  as  possible.  We  shall 
also  include  our  draft  of  proposed  specifications  which  are  the 
natural  outcome  of  our  work,  trusting  that  they  may  be  of  value 
when  the  international  specifications  are  formulated  for  general 
adoption. 

The  principal  points  considered  in  the  present  paper  are: 

I.  A  determination  of  the  voltage  of  the  Weston  normal  cell 
using  the  porous  cup  and  the  Smith  form  voltameters.    These  are 
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found  to  be  in  substantial  i^reement  and  give  the  value  i. 0182 7 
volts  at  20®. 

2.  A  study  of  the  effect  of  add  in  the  voltameter  has  shown  a 
quantitative  relation  expressed  by  the  equation  y  «=  —  4.5X +o.o2x' 
to  hold  between  the  acidity  of  the  electrolyte  (x)  and  the  result- 
ing decrease  in  deposit  (y)  both  expressed  in  parts  per  million, 
provided  the  electrolyte  is  ptue.  If  the  electrol3rte  be  impure,  the 
results  can  not  be  predicted. 

3.  We  have  studied  the  influence  of  septa  other  than  filter 
paper  and  have  fotmd  the  porous  pots  made  by  the  Koniglich 
Porzellan  Manufaktur  when  properly  prepared  and  used  to  be  a 
sc^e  and  efficient  separator  of  anode  and  cathode. 

4.  We  have  made  some  experiments  on  the  inclusions  of  the 
deposited  silver  and  conclude  that  when  ptue  electrolyte  is 
employed  no  appreciable  inclusions  exist. 

5.  We  have  found  the  conditions  tmder  which  the  silver  vol- 
tameter may  be  said  to  be  reversible  so  that  the  current  may  be 
measiued  by  the  loss  of  the  anode  as  well  as  the  gain  of  the  cathode. 
This  is  scientifically  interesting  since  it  adds  to  the  evidence  already 
obtained  to  disprove  the  heavy  anode  ion  theory,  but  is  of  little 
practical  importance. 

Finally,  we  believe  that  the  silver  voltameter  has  shown  itself 
to  be  an  instrument  of  precision  and  capable  of  checking  the  con- 
stancy of  the  Weston  normal  cell  according  to  the  decision  of  the 
London  conference. 

Washington,  December  i,  1913. 


INFLUENCE   OF   ATMOSPHERIC   CONDITIONS    IN    THE 

TESTING  OF  SUGARS 


By  Frederick  Bates  and  Francis  P.  Phelps 


That  atmospheric  conditions  may  exert  an  appreciable  effect  in 
the  testing  of  sugar  has  been  vaguely  recognized  for  some  years. 
The  magnitude  of  this  influence  has,  however,  never  been  deter- 
mined, and  it  is  diffictdt  to  understand  how  this  possible  source  of 
error  has  so  long  been  practically  ignored  when  we  consider  the 
large  amount  of  research  that  has  been  carried  on  in  an  effort  to 
reduce  the  process  of  testing  to  an  exact  science.  Fortimately 
in  the  standardization  of  the  saccharimeter,  by  means  of  the  nor- 
mal solution  of  sucrose,  all  chance  of  error  from  atmospheric  con- 
ditions is  eliminated.  The  normal  weight  of  sucrose  is  made  up 
to  voltune,  and  the  polariscope  tube  is  fiUed,  tmder  conditions  that 
eliminate  an  appreciable  change  in  the  concentration  of  the  tmfil- 
tered  solution.  In  the  process  of  testing,  these  conditions  are 
unavoidably  altered.  The  necessity  for  clarification  requires 
that  the  liquid  be  passed  once,  and  frequently  twice,  through  ordi- 
nary filter  paper  to  remove  the  precipitated  impurities.  "While 
this  is  being  done,  there  is  more  or  less  exposure  to  the  atmosphere 
of  the  laboratory,  with  a  consequent  increase  in  the  concentration. 
Since  the  rotation  observed  is  directly  proportional  to  the  concen- 
tration, any  change,  if  appreciable,  must  either  be  prevented  or 
a  correction  applied  to  the  polarization.  Browne  ^  and  other 
investigators  have  recommended  the  tise  of  cover  glasses  on  the 
funnels  to  guard  against  possible  evaporation. 

The  process  of  testing  should  obviously  be  such  that  when 
applied  to  the  normal  sucrose  solution  the  polarization  will  be 
loo  on  the  saccharimeter  scale  within  the  limits  of  accuracy 

>  Browne:  Handbook  U  Sngu  AnaXyua,  |>.  995. 
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prescribed  by  other  sources  of  error.  With  the  object  of  accom- 
plishing this,  the  suggestion  has  recently  been  made  that  the 
normal  solution  should  be  filtered  in  the  determination  of  the  loo^ 
S  pomt.  Since  atmospheric  conditions  vary  greatly  from  day  to 
day,  such  a  procedure  would  be  futile.  On  the  other  hand,  the 
suggestion  has  been  made  that  the  loo®  S  pomt  be  set  high.  It 
has  been  shown  by  Bates  and  Jackson,'  who  have  made  an  ex- 
tended investigation  of  the  loo®  S  point,  the  final  results  of  which 
are  now  ready  for  publication,  that  the  present  basis  of  standard- 
ization of  the  saccharimeter  is  such  that  all  fiear  normal  sugar 
solutions  polarize  approximately  o?i  S  too  low;  that  is  to  say, 
the  present  lOO**  S  point  is  approximately  o?i  too  high.  In  view 
of  this  fact,  the  suggestion  has  been  made  that  the  present  value 
of  the  loo®  point  be  left  where  it  is,  in  order  to  allow  for  an  increase 
of  that  magnitude  in  the  polarization  in  ordinary  testing,  due  to 
an  increase  in  the  concentration.  This  proposition,  in  our  opinion, 
is  imtenable  from  a  scientific  standpoint,  because  it  presu])poses 
a  constant  effect  of  o?  i  sugar,  which  is  obviously  not  to  be  ex- 
pected. The  results  of  our  investigation  show  that  atmospheric 
conditions  frequently  introduce  a  relatively  large  error  and  that 
this  error  can  always  be  eliminated. 

The  factors  which  influence  the  rate  of  evaporation  from  the 
stirf  ace  of  a  liquid  are  ntmierous  and  the  range  of  conditions  under 
which  this  phenomenon  occurs  is  so  extensive  that  these  factors 
may  have  a  relatively  wide  variation  in  their  magnitudes.  In 
the  greater  part  this  accoimts  for  the  difficulty  experienced  by 
investigators,  from  the  time  of  Dalton,  in  deriving  a  formula 
which  adequately  gives  the  rate  of  evaporation  under  all  condi- 
tions in  nature.  Perhaps  the  most  consistent  formula  is  that  of 
Marvin,*  which  takes  the  following  form  : 

^=f(P«+P,-^Pa)/(P)9>(lO.  (l) 

in  which 

dQ  =  quantity  of  water  evaporated  in  time  dt. 
P    «  general  symbol  for  vapor  pressui'e. 

*  Oriff.  Com.,  8th  Int.  Cooc*  of  Applied  Chemistry,  <&«  and  Boxattt  of  Standards  BttDctin,  10. 
•ICftrYln:  Monthly  Wefttiier  Rer.,  J^Hraary,  1909,  S7:68,  eq.  6b 
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Pm  «- saturation   vapor  pressure   at   temperature   of   water 

surface. 
Pm  «=  saturation  vapor  pressure  at  temperature  of  air  near  the 

water. 
P»  «  saturation  vapor  pressure  at  the  temperature  of  the  dew 

point  in  the  air  near  the  water. 
B    =  barometric  pressure. 
V   =  velocity  of  wind. 
C    =  constant. 
Marvin  states  that  the  data  available  are  as  yet  insufficient  to 
evaluate  the  constant  factors  or  to  give  the  exact  form  of  the 
terms  depending  on  wind  and  atmospheric  moisture.     However, 

it  is  possible  under  certain  conditions  to  solve  (i)  obtaining  ^ 

with  ample  accuracy  for  special  cases.     In  general  the  predomi- 

dO 
nating  variable  factor  in  detenmning  37"  is  (Ps—Pa),  commonly 

designated  the  potential  head.  If  we  consider  the  special  case 
of  evaporation  of  water  from  a  small  vessel  in  the  laboratory,  a 
considerable  simplification  results.  The  influence  of  barometric 
pressure,  as  well  as  that  of  f{P)  and  <p  (V)  becomes  negligible; 
and  (Pas-^-Ps  —  sPa)  reduces  to  (Ps  —  Pa)  imder  the  permissible 
assumption  that  Pas=^Pa\  that  is,  that  the  air  near  the  water 
surface  is  practically  saturated  at  a  temperature  near  the  dew 
point,  a  condition  roughly  realized  in  the  absence  of  ventilation. 

The  term  /(P)  in  (i)  is  somewhat  indefinite.  It  was  inserted 
by  Marvin  to  provide  for  the  contingency  that  imder  certain 
conditions  the  evaporation  would  not  be  strictly  linear  with  the 
potential  head.  Just  what  form  it  might  take  is  problematical. 
Fortunately,  in  our  experiments,  the  conditions  were  such  that  it 
seemed  probable  that  a  straight-line  relation  would  hold  within 
the  experimental  errors  of  the  observations.  The  experimental 
data  given  below  fully  sustain  this  conclusion. 

We  may  then  write 

^-CAiPs-P.)  (2) 

or  Q    "CA(Ps-rPa)T  (3) 
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where  A  is  the  area  of  the  exposed  surface.  It  will  be  observed 
that  (2)  and  (3)  cover  the  cases  of  zero  and  negative  evaporation, 
the  latter  occurring  when  the  temperature  of  the  water  is  less  than 
the  temperature  of  the  air  at  the  dew  point.  We  will  show  in 
what  follows  that  (2)  and  (3)  are  directly  applicable  to  the  change 
in  the  concentration  of  the  sugar  solution,  which  ordinarily  takes 
place  in  the  testing  of  sugars. 

METHODS  USED 

The  area  of  the  liquid  from  which  evaporation  can  occur  is 
constantly  changing  dining  the  filtration.  The  total  exposine 
is,  however,  the  same  for  similar  filtrations  and  the  area,  i4,  in 
equations  (2)  and  (3)  may  consequently  be  taken  as  unity.  If, 
then,  we  determine  the  constant  C  experimentally,  we  can  calcu- 
late the  evaporation  for  any  potential  head.  Obviously,  C  may 
vary  with  the  time  of  filtration,  the  rate  of  diffusion,  the  nature 
of  the  exposed  surface,  etc.  It  is  nevertheless  a  constant  for  any 
particular  set  of  similar  filtrations. 

We  have  utilized  two  methods  for  determining  the  change  in 
concentration.  The  first  tried  was  that  of  weighing  the  solution 
during  filtration.  The  second,  that  of  noting  the  change  in  the 
polarization.  Since  the  polarization  is  directly  proportional  to 
the  concentration,  the  change  in  polarization  is  proportional  to  the 

amotmt  evaporated.     -^  or  more  strictly,  in  the  experiments,  M 

thus  has  proportionate  numerical  values  in  both  methods,  pro- 
vided the  loss  by  evaporation  is  small  as  compared  with  the  total 
quantity  of  solution.  The  loss  in  grams  by  weighing  is  equal  to 
the  increase  in  degrees  sugar  in  the  polarization.  For  convenience 
we  have  adopted  the  minute  as  the  unit  of  time  throughout  our 
experiments. 

In  determining  the  potential  head.  Pa  was  calculated  from  the 
vapor-pressure  tables  for  water,  the  necessary  data  being  secured 
by  means  of  the  psychrometer  referred  to  below.  P,  is  taken  as 
the  vapor  pressure  of  water  at  the  observed  temperature  of  the 
solution.  The  lowering  of  the  vapor  pressure  of  the  solution  due 
to  the  presence  of  the  sugar  is  negligible.  At  30^  C  it  amotmts  to 
0.6  mm,  which  is  equivalent  to  a  change  in  the  polarization  of 
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0^.0006  sugar  per  minute.     In  all  the  experiments  the  normal 
solution — 26  grams  in  100  cc — ^was  used. 

APPARATUS 

In  order  to  carry  out  the  experimental  work  it  was  found  desira- 
ble to  have  control,  during  the  filtration,  of  the  atmospheric  con- 
ditions over  a  wider  range  than  would  ordinarily  occur  in  the 
average  laboratory  during  a  cycle  of  12  consecutive  months. 
This  was  made  possible  by  the  use  of  a  constant  temperature 
room  with  a  content  of  about  15  cubic  meters.  The  room  was, 
in  reality,  a  large  thermostat,  having  a  considerable  range  of 
accurate  temperature  adjustment.  The  air  was  kept  thoroughly 
mixed  by  an  electric  fan  which  discharged  over  a  false  ceiling 
perforated  with  a  large  number  of  openings.  Since  equations  (2) 
and  (3)  are  based  upon  the  elimination  of  the  wind  factor,  (V), 
of  equation  (i),  care  was  exercised  to  eliminate  appreciable  air 
currents.  Tests  with  a  sensitive  anemometer  showed  this  con- 
dition to  be  satisfactorily  attained. 

The  moisture  content  of  the  air  was  regulated  by  freezing  out 
some  of  the  vapor  by  means  of  a  brine  coil  or  by  admitting  steam 
into  the  room,  according  as  the  amotmt  of  moisture  present  was 
greater  or  less  than  that  desired. 

The  required  temperature  was  maintained  by  an  electric 
heater  controlled  by  a  mercury  interrupter  with  a  toluene  coil, 
the  maximum  variations  being  about  0.3^  C  for  any  point  between 
15®  C  and  40®  C.  When  once  a  given  air  condition  had  been  se- 
cured it  could  be  maintained  indefinitely  within  satisfactory 
limits. 

Any  relative  humidity  between  17  per  cent  and  92  per  cent 
could  be  attained  at  any  temperature  between  18^  C  and  39^  C. 
Any  desired  potential  head  (P,-Po)  could  thus  be  obtained  be- 
tween 4  mm  and  41  mm  of  mercury.  An  Assmann  psychrometer 
was  used  for  making  all  measurements  of  the  amount  of  moisture. 

The  weighing  experiments  were  made  upon  a  large  balance 
open  to  the  atmosphere  except  while  a  weighing  was  being  made, 
and  sensitive  to  \  ing  with  a  load  of  200  g.  The  funnel  and  cyl- 
inder were  placed  directly  upon  the  scale  pan. 
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For  making  the  polarization  measurements,  the  Bates  type  of 
saccharimeter  with  adjustable  sensibility  was  available.  It  was 
inclosed  in  a  small  thermostat,  thus  instuing  a  constant  tempera- 
ture during  measturements.  In  order  to  secure  a  high  degree  of 
acctu'acy  in  the  polarizations,  the  half-shadow  angle  was  set  at  3^. 
The  Ught  source  was  a  Nemst  lamp  of  500  cp.  The  Bates  t3rpe, 
200  ram,  metal  polariscope  tubes  were  used.  The  corrections  for 
length  were  determined  by  the  division  of  weights  and  measures 
of  the  Bureau  of  Standards.  The  glass  funnels  were  stemless  and 
had  a  diameter  of  90  ram.  The  cylinders  had  a  diameter  of  40 
mm  and  a  height  of  125  mm.  The  plaited  t3rpe  of  filter  with  a 
diameter  of  18.5  cm  was  used.  Tests  made  on  raw  sugars  when 
the  smooth  filters  were  employed  gave  results  identical  with  those 
on  the  plaited  t3rpe. 

EXPERIMENTS  WITH  REFINED  SUGAR 

In  the  beginning  of  the  work  it  was  believed  that  the  research 
could  be  satisfactorily  consummated  by  the  use  of  the  best  refined 
commercial  sugar  and  that  the  results  would  be  equally  applicable 
to  all  sugars.  This  was  desired  because  of  the  relative  ease  of 
manipulation  and  the  avoidance  of  clarification. 

The  first  experiments  were  made  by  the  method  of  weighing. 
The  solutions  were  made  up  at  the  temperature  at  which  the  tests 
were  to  be  made.  A  clarifying  reagent  was  not  added.  No  cover 
was  placed  over  the  fuimel.  In  order  to  retard  the  filtration  so 
as  to  make  the  conditions  comparable  to  those  existing  when  raw 
sugars  are  tested,  the  bottom  of  the  ftmnel  was  plugged  with 
absorbent  cotton.  This  eflFectually  increased  the  time  required 
for  the  solution  to  filter.  In  order  to  measure  the  total  evapora- 
tion a  solution  was  placed  upon  the  pan  of  the  balance  and  weighed 
at  intervals  of  a  few  minutes  imtil  all  had  filtered  through.    The 

average  amount  lost  per  minute,  (  ^ )»  by  evaporation  was  then 

calculated.  This  was  repeated  for  different  conditions  of  tempera- 
ture and  humidity  in  order  to  secure  data  over  a  wide  range  of 
potential  heads. .   Sufficient  data  was  thus  secured  to  solve  equa- 
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tion  (2)  for  the  constant  C.    The  results  are  given  in  Table  i. 
Taking  the  average  of  the  values  of  C  we  have 


^  =  0.0013  (Ps-Pa) 


(4) 


which  gives  the  evaporation  per  minute  imder  these  conditions 
for  any  potential  head.  Column  6  gives  the  total  loss  in  weight 
during  the  entire  filtration.  Columns  7  and  8  show  the  agreement 
between  the  observed  evaporation  and  that  calculated  from  equa- 
tion (4) .    The  results  are  shown  graphically  in  Fig.  i . 

TABLE  1 
Refined  Sugar;  Funnel  not  Covered;  Determinations  by  Weighing 

[§-0.0013  (P.-Pij] 


1 

2 
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• 
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Q 
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•c 
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•c 

17.4 
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aoo7 
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2a2 

16.6 
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a  182 

aoo9 

aoo7 

2L2 

2a6 

laa 

6&4 

6.36 

a  194 

a  010 

aoo8 

aaa 

aaa 

2a2 
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&92 

a286 

a  oil 

a  oil 

aao 

aao 

11.0 

3a4 

1110 

a895 

a  019 

a  016 

2ao 

aao 

lao 

24.0 

13.23 

a  631 

A.  017 

a  017 

3a9 

aa3 

19.6 

36.2 

21.64 

1.722 

a  026 

ao28 

SL4 

aai 

19.3 

35.5 

2192 

1.015 

a027 

a029 

S2.6 

316 

aa7 

33.3 

24w42 

t491 

a032 

a  031 

318 

32.8 

19.5 

27.5 

26.83 

L672 

ao3o 

a034 

In  order  to  secure  sufficient  clarification  for  polarizing  a  raw 
sugar  it  is  frequently  necessary  to  allow  a  portion,  if  not  all  the 
solution^  to  filter  a  second  time.  To  find  what  portion  of  this 
total  evaporation  affects  the  solution  which  runs  through  and  is 
used  for  polarization,  tests  were  made  on  the  saccharimeter.  A 
tube  was  filled  with  the  solution  directly  from  the  flask  in  which 
it  was  made  up,  thus  obviating  any  loss  by  evaporation.  Other 
solutions  after  being  allowed  to  filter  were  polarized  and  com- 

46«92«— 14 7 
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pared  to  the  first  tube  as  a  point  of  reference.  The  difference  in 
polarization  between  this  tube  and  the  other  tubes  is  the  effect 
due  to  evaporation  dtuing  filtration.  Careful  experiments  by 
weighing  failed  to  show  an  appreciable  evaporation  while  pouring 
the  solution  from  the  cylinder  into  the  tube.  Tables  2  and  3 
show  the  effect  of  evaporation  upon  the  polarization  when  the 
funnel  is  not  covered.  The  time  of  filtration  was  about  12  min- 
utes. It  was  hoped  that  the  equations  from  this  data  would  give 
the  correction  factors  which  would  be  applicable  to  raw  sugars. 
Table  2  shows  the  increase  in  polarization  for  a  single  filtration, 
and  we  have 


^-o.ooo66(P.-P0 


(5) 


Table  3  shows  the  increase  when  the  entire  solution  is  filtered 
twice,  and  we  have 


p-o.ooio8(P.-P0 


(6) 


The  results  are  shown  graphically  in  Fig.  i.  It  is  surprising  to 
find  such  a  large  increase  per  minute  ifl  the  polarization  when  the 
solution  is  filtered  twice. 

TABLE  2 

Refined  Sugar;  Funnel  not  Covered;   Detemiinations  by    Polaiization; 

initeredOnce 

r^-a00066  (P.-Pa)  J 


1 

2 

3 

4 

5 

6 

7 

8 

T«iipentiif« 

•f  body  of 

Mltttlon 

Dfy-lralb 

Imponi* 

tiue 

WoC4raIb 

lonipon- 

titn 

Relative 
homldlty 

mm  of 
Hg 

Total 
ciumgo, 

dOfTOM 

■am 

Otaerrad 
0 

dOfTOM 
•UfU 

Calcnkted 

dOCIMS 

•c 

8a4 

•c 

3a4 

•c 

27.9 

Peroeat 
82.6 

S.65 

ao8 

aoo7 

aoo« 

aao 

2ao 

12.4 

4ao 

ia45 

ao3 

aOQ6 

aoo7 

19L9 

19.9 

11.2 

32.6 

11.66 

a  16 

aoo9 

am 

82.0 

33.0 

23LO 

42.4 

19L49 

a2s 

a  014 

a  013 

KO 

86.6 

19.2 

17.2 

3L72 

a24 

a  017 

aozi 

SS.1 

86.2 

las 

1&7 

34.61 

aso 

ao23 

a083 

s&o 

87.9 

2ai 

19lS 

3S.62 

aia 

ao2S 

a024 
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Refined  Sugar;   Funnel  not  Covered;    Determinations  by  Polarization; 

Rltered  Twice 


[y-o.ooi<»  (p.-po] 


1 

2 

3 

4 

5 

6 

7 

8 

TMDpsntarB 
oi  body  of 

Dfy-lralb 

tenponi* 

tare 

WeC-bnlb 
tan 

ReUfve 
hnmldtty 

Hg 

Totel 
cfaaage, 
degnM 

Obsemd 

dOgVOM 
•UfU 

Cafcnlattd 

degnM 
Mgar 

•c 

9a4 

•c 

30.4 

•c 

27.9 

Pwoeat 
82.6 

5.65 

an 

aoo3 

aoo6 

20.0 

2ao 

12.4 

4ao 

ia4S 

0.22 

a  on 

a  on 

19.9 

19.9 

1L2 

32.6 

11.66 

a35 

0.013 

aoi3 

S2.0 

33.0 

23L0 

42.4 

19.49 

a43    • 

a  019 

a  021 

3S.1 

36.2 

1&8 

1&7 

34.61 

aso 

a038 

a  037 

Since  equations  (4) ,  (5) ,  and  (6)  show  such  large  increases  in 
the  polarization,  the  experiments  given  in  Tables  i  and  2  were 
repeated  with  the  funnels  covered  with  ordinary  cover  glasses, 
in  order  to  determine  how  completely  the  evaporation  could  be 
prevented  by  this  simple  expedient.  The  results  are  given  in 
Tables  4  and  5.  In  Table  4  the  values  in  column  8  are  calculated 
from  equation  (4)  and  in  Table  5  from  equation  (6) . 

TABLE  4 
Refined  Sugar;  Funnel  Covered;  Detercunations  by  Weighing 


1 

2 

3 

4 

5 

6 

•        7 
ObMmd 

8 

CalcaJiUed 

TentMiatare 
9l  body  of 
•otatton 

Dxy-tralb 
toBiponi" 

tan 

Wot4mIb 

tonpora' 

tan 

Rolattve 
humidity 

Pr-PM 
mmoffitg. 

Total 
dunce 

0 

cnmsper 

numstolfnoC 

Govond 

•c 

•c 

•c 

Pw  cent 

C 

21.1 

20.8 

17.4 

71.8 

5.50 

a028 

a  001 

aoo7 

30.0 

3ao 

26.0 

72.8 

&57 

a  052 

a  001 

a  on 

20.0 

2ao 

11.0 

3a4 

11 10 

a  031 

a  001 

a  016 

2ao 

2ao 

lao 

24.0 

13.23 

ao6o 

a  001 

a  017 

30.9 

30.3 

19.6 

36.2 

21.64 

0.062 

a  001 

a028 

31.4 

30.1 

19.3 

35.5 

2Z92 

a  047 

aoo2 

aQ29 

32.8 

82.8 

19.5 

27.5 

26.93 

a035 

a  001 

ao34 

546 


Bulletin  of  the  Bureau  of  Standards 

TABLE  S 


Refined  Sugar;   Funnel  Covered;  Determinations  made  by  Polanzadon; 

Filtered  Twice 


1 

2 

3 

4 

5 

6 

7 

8 

Tempentnie 

of  body  of 

■olntkni 

Dfy-bolb 

tempen- 
tttfe 

WeC4mIb 
temfen- 

lure 

Relative 
tumidity 

P^P.. 
mmolHg. 

Total 
c]ianfe.d» 
greeesucar 

Observed 
Q 

detieesin 
iox. 

Caladitod 
las. 

•c 

•c 

•c 

Per  oeni 

20.0 

2ao 

12.4 

4ao 

ia45 

0.00 

aooo 

aoo7 

20.0 

20.0 

ia2 

213 

13101 

ao2 

a  001 

a  014 

20.0 

20.0 

ia2 

25. 3 

uoi 

ao6 

aoo2 

0.014 

20.0 

2ao 

ia2 

2S.3 

13w01 

ao3 

aooo 

a  014 

20.0 

2ao 

ia2 

25.3 

13101 

ao3 

a  001 

a  014 

It  is  evident  from  Tables  4  and  5  that  the  loss  by  evaporation, 
if  the  funnel  is  covered,  is  quite  negligible,  for  all  potential  heads, 
amounting  to  only  0^.02  S  for  a  filtration  requiring  20  minutes. 
The  object  of  the  latter  table  was  mainly  to  determine  the  agree- 
ment between  the  weighing  and  polarization  methods.  Four 
separate  experiments  were  made  at  a  potential  head  of  13  mm,  in 
order  to  test  the  reproducibility  of  the  polarization  method. 

EXPERIMENTS  WITH  RAW  SUGAR 

The  experiments  pn  refined  sugar  indicated  the  importance  of 
making  exhaustive  tests  on  difiFerent  grades  of  raw  sugars  to 
determine  how  far  the  preceding  results  could  be  applied  to  sugars 
requiring  clarification.  Three  grades  were  used:  Java,  testing 
97°  S;  Cuban,  testing  94®  to  95^  S;  and  a  very  soft  sugar,  testing 
about  80°  S.  No  appreciable  differences  in  the  evaporation  were 
observed  due  to  the  grade  of  sugar.  In  every  case  260  g  was 
dissolved  in  water  and  the  volume  made  up  to  1000  cc  at  the 
temperature  of  the  exp^ment.  From  15  cc  to  50  cc  of  basic 
lead  acetate  was  added  for  clarification,  the  quantity  used 
varying  with  the  grade  of  sugar;  loo-cc  portions  of  the  liquid 
were  then  used  for  the  tests.  The  flask  was  thoroughly  shaken 
before  potuing  off  each  portion,  thus  insuring  a  homogenous 
sample.    To  obtain  a  point  of  reference  one  filtration  was  always 
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9 

made  with  the  funnel  covered.  The  change  by  evaporation  from 
this  sample  was  not  greater  than  0.02^  S,  as  has  been  shown  in 
Tables  4  and  5.  Other  portions  of  the  solution  were  filtered 
without  being  covered  and  were  compared  to  the  reference  tube. 
The  results  are  given  in  Tables  6,  7,  8,  and  9.  The  same  method 
of  tabulating  the  data  has  been  used  as  in  the  tables  for  refined 

sugars.    Since  no  difference  in  ^  was  observed,  due  to  the  grade 

of  the  sugar,  the  values  obtained  for  the  three  diflFerent  grades 
have  been  incorporated  into  a  single  equation. 

For  the  experiments  in  Table  6,  the  solutions  were  filtered  once 
with  the  funnels  uncovered,  and  we  find 


Q. 


=  0.000 1 7  {Ps-Pa) 


(7) 


The  results  are  shown  graphically  in  Fig.  2. 

TABLE  6 

Raw  Sugar;  Funnel  not  Covered;  Detemiinalions  by  Polarization;  FOtered 

Once 

[2-o.O0O17(P.-Pa)] 


1 

2 

3 

4 

5 

6 

Total 
cfaaago, 
dOfrMO 

■am 

7 

OlMorved 

8 

TMiipcntim 
of  body  of 

Dfy-balb 

tanpon* 
titn 

WoC4raIb 

tonponi- 

titn 

Rolatflvo 
humidity 

P--Pm 
He 

0 
dofnoo 

•UfU 

dtfnm 

■near 

•c 

•c 

•c 

Peroont 

27.8 

28.0 

213 

8ao 

4.a 

ao2 

aooi 

aooi 

27.5 

27.6 

24.8 

79.8 

142 

ao4 

aoo2 

aooi 

24.1 

24.1 

KO 

3a9 

1142 

a  12 

aoo5 

aoo3 

218 

24.8 

Kl 

28L4 

1166 

ao3 

aoo3 

a  003 

210 

211 

1319 

26l5 

17.29 

ao6 

aoo6 

aoos 

2&4 

27.3 

15.8 

28.2 

2L18 

ao2 

a  001 

aoo4 

aa4 

27.3 

15.8 

2a2 

24.70 

an 

aoo5 

aoo4 

34.0 

36.9 

19L2 

16.5 

aL92 

a  10 

aoo6 

aoo6 

37.4 

39.0 

2a7 

17.2 

3179 

aos 

aoo4 

aoo7 

38.4 

39.1 

2a9 

17.8 

4L16 

aoe 

aoo7 

aoo7 

38.4 

39.1 

2a9 

17.8 

41.16 

an 

aoo8 

aoo7 
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For  Table  7  the  solutions  were  poured  back  when  one-half  had 
filtered.    The  funnels  were  not  covered.    We  then  have — 


The  results  are  shown  graphically  in  Fig.  2. 


8 


TABLE  7 


Raw  Sugar;  Funnel  not  Covered;  Detcnnination  by  Polarization;  Solution 

Poured  Back  When  One-Half  Filtered 


[§-0.00049<P.-P.)J 


1 

2 

3 

4 

5 

6 

7 

8 

•fbody«f 
■ffhiHwi 

• 

Dry4Milb 

tun 

W«t4ralb 

tttittpwa* 

tare 

It«talh« 

P.-Pv 

am  of 
He 

Tote! 

defreet 
■ufar 

ObMtwd 
0 

dagroes 
susor 

Pall  iiiiiifl 
ngv 

•c 

27.8 

•c 

28L0 

•c 

2S.3 

Pweaat 

8ao 

4.21 

aos 

10(B 

1002 

27.9 

27.6 

24.8 

79.8 

142 

ao3 

1001 

1003 

24.6 

24.6 

14.8 

310 

1132 

a20 

1005 

1007 

24.8 

24.8 

14.1 

28.4 

1166 

122 

1011 

1008 

210 

2S.1 

13.9 

26.5 

17.29 

125 

1013 

1008 

2&4 

27.3 

15.8 

28.2 

21.18 

122 

1010 

1010 

3a4 

27.3 

118 

28.2 

24.70 

146 

1013 

1012 

9i0 

86.9 

19.2 

115 

31.92 

162 

1023 

1016 

87.4 

89.0 

20.7 

17.2 

3179 

123 

1012 

1019 

88L4 

89.1 

2a9 

17.8 

4L16 

130 

1022 

1020 

88L4 

89.1 

2a9 

17.8 

4L16 

134 

1017 

1020 

For  Table  8  the  solutions  were  filtered  twice  with  the  funnek 
uncovered.    We  have — 

^  -  o.ooo7o(P.  -  PJ  9 

The  results  are  shown  graphically  in  Pig.  2. 
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TABLES 

Raw  Sugar;  Funnel  not  Covered;  Determination  by  Polarization;  Filtered 

Twice 


[^aooo70(p.-po] 


1 

2 

3 

4 

5 

6 

7 
OlMerved 

8 

TMiipcratim 

of  body  of 

■ffihitlwi 

Dfy-lralb 

toniponi* 

luro 

Wot4mIb 

tompen- 

tiin 

Rolattro 
humidity 

mm  of 
Hg 

Tolil 
dtoii(o« 

dOfTOM 

■near 

dOflOOS 
•UfU 

0 

dOfTOM 

•ufar 

•c 

•c 

•c 

Poroenl 

27.8 

28.0 

213 

aoio 

4.21 

0.17 

aoos 

aoo3 

27.5 

27.6 

24.8 

79.8 

5.42 

a20 

aoo5 

aoo4 

24.1 

24.1 

14.0 

3a9 

15.42 

a  45 

a  on 

a  on 

28.4 

27.3 

15.8 

28.2 

2L18 

a55 

a  016 

a  015 

9a4 

27.3 

15.8 

28.2 

24.70 

aM 

a  018 

a  017 

S4wO 

86.9 

19.2 

1&5 

31.92 

L16 

a023 

a  022 

87.4 

89.0 

2a7 

17.2 

38L79 

a  78 

a026 

a027 

3&4 

39.1 

2a9 

17.8 

41.16 

a78 

a  029 

a029 

38L4 

39.1 

2a9 

• 

17.8 

41.16 

a68 

a023 

a029 

In  Table  9  the  funnels  were  covered.  A  point  of  reference  was 
secured  by  allowing  a  sample  to  filter  once,  since  it  was  impossible 
to  polarize  without  filtration.  For  the  other  tests  the  solution 
was  poured  back  on  the  filter  when  (a)  about  one-half  had  run 
through;  (6)  all  had  run  through.  The  cover  was  removed  from 
the  funnel  while  the  solution  was  being  poured  back  and  was  then 
immediately  replaced. 

Column  8  was  calculated  from  equations  (8)  and  (9) . 

TABLE  9 
Raw  Sugars;  Funnels  Covered;  Determination  by  Polarization. 


1 

2 

3 

4 

5 

6 

7 

8 

Temponliira 

of  body  Of 

■olatiBn 

Df74MiIb 

lomponi* 
tort 

WoC4m]1> 

tflmponi* 

tutm 

RoliUhw 

hnmidttF 

Pr-P« 
mm  of 

He 

Totel 
cfaaago, 

docroM 
■Ufar 

ObMCTOd 

dinrfiamnor 

Caleiilitod 

If  not  00?- 
ofodtdogroM 

■Oftf 

•c 

•c 

•c 

Poroenl 

• 

24.6 

24.6 

14.8 

33.0 

15.32 

0.000 

aooo 

«0.008 

24.6 

24.6 

14.8 

310 

Ul32 

a  015 

a  001 

«aoo6 

24.6 

24.6 

14.8 

33.0 

1&32 

-actts 

-a  001 

•+aoio 

24.6 

24.6 

14.8 

33L0 

IS.  31 

a  020 

0.001 

•a  010 

*  FMnd  back  wiMo  all  ttifoagli. 
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DISCUSSION  OF  RBSULTS 

In  the  preceding  experiments  ^  has  been  measured  for  poten- 
tial heads  as  high  as  41  mm  of  mercury.  During  the  summer 
months,  when  it  is  most  likely  to  be  a  maximum,  the  potential 
head  rarely  exceeds  22  mm  and  is  usually  much  lower;  22  mm  cor- 
responds roughly  to  a  temperature  of  30^  and  a  relative  htunidity 

of  30  per  cent.     ~  for  the  curve  obtained  by  weighing  is  much 

larger  than  the  corresponding  value  obtained  by  the  polarization 
method.  (See  Fig.  i .)  This  probably  is  caused  by  the  evapora- 
tion from  the  solution  that  remains  on  the  filter  and  which  pro- 
duces no  increase  in  the  concentration  of  the  solution  which 
passes  the  filter.  The  method  of  weighing  determines  the  total 
evaporation,  whereas  not  all  the  evaporation  is  instrumental  in 
raising  the  polarization  when  that  metiiod  is  utilized. 

The  curves  in  Fig.  2  show  at  a  glance  how  inapplicable  the  con- 

rections  for  refined  sugar  are  to  raw  sugars.  ^  for  the  once  fil- 
tered solution  is  suprisingly  small  when  compared  with  the 
similar  curve  in  Fig.  i.  Certainly  evaporation  from  a  solution 
containing  a  precipitate  is  much  slower  than  from  one  containing 
none.  We  believe  that  this  phenomenon,  because  of  its  direct 
effects  on  many  laboratory  operations,  shotdd  receive  furtiier 
study. 

When  the  solution  is  filtered  but  once,  the  increase  in  the 
polarization  (see  Fig.  2)  for  a  potential  head  of  22  mm  and  a  filtra- 
tion of  10  minutes  dtu-ation,  is  less  than  0^.04  S.  The  conclusion, 
therefore,  is  reached  that  it  is  imnecessary,  in  the  ordinary  testing 
of  raw  sugars,  to  use  any  precautions  to  prevent  or  to  correct  for 
evaporation,  provided  that  it  is  not  necessary  to  pour  any  portion 
of  the  filtrate  back  on  the  filter.    All  the  more  unexpected,  then,  is 

the  large  increase  in  ^,  as  shown  by  the  curves  in  Fig.  2,  when  a 

part  or  all  of  the  solution  is  filtered  a  second  time.  After  careful 
consideration  we  have  concluded  that  this  is  caused  largely  by  the 
solution  which  is  returned  to  the  filter  taking  up  the  solution 


oT^iinNin  113d  NOiivziuviod  ni  bonvho 
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already  adhering  to  the  filter  and  which  has  become  concentrated 
by  evaporation  after  the  level  of  the  solution  in  the  funnel  has 
fallen.  It  thus  becomes  imperative  in  this  case  either  to  prevent 
evaporation  or  to  apply  a  correction  to  the  polarization.  The 
correction  may  most  conveniently  be  taken  from  the  broken 

curve  ^ = 0.00060  (P, — Pa) ,  which  is  the  mean  of  the  ciu-ve  for 

solutions  poured  back  when  one-half  has  filtered,  and  the  curve 
for  solutions  twice  filtered.    (See  Fig.  2.) 

Since  the  practice  of  returning  at  least  a  part  of  the  first 
filtrate  to  an  uncovered  filter  is  quite  general,  the  conclusion  is 
unavoidable  that  in  many  laboratories  tests  are  frequently  in 
error  by  several  tenths  of  a  sugar  degree.  The  important  influence 
of  atmospheric  conditions  on  sugar  tests  has  remained  so  long 
undetermined,  probably  because  polarizations  made  on  the  same 
sugar  and  compared  with  one  another  are  usually  made  at  the  same 
time  and  hence  under  similar  potential  heads.  The  results, 
therefore,  agree  among  themselves,  although  relatively  large 
errors  may  be  present.  The  importance  of  either  eliminating  or 
correcting  for  the  evaporation  when  tests  made  in  different 
laboratories  are  to  be  compared  can  not  be  overestimated. 

Tables  4,  5,  and  9  show  that  for  most  purposes  any  increase  in 
the  polarization  may  effectively  be  prevented  by  covering  the 
ftmnel  during  the  filtration.  In  laboratories  where  a  large  niunber 
of  tests  are  made  daily  this  is  somewhat  of  a  burden,  but  it  is  gen- 
erally a  simpler  procedure  than  making  the  correction  for  the 
potential  head. 

Owing  to  the  importance,  for  scientific  and  commercial  purposes, 
of  the  100**  S  point  on  the  saccharimeter,  it  is  desirable  that  this 
point  be  determined  with  the  highest  obtainable  precision.  Espe- 
cially prepared  sucrose  is  used,  and  the  solution  is  not  only  unfil- 
tered,  but  it  is  also  protected  from  any  change  in  concentration 
while  being  transferred  from  the  flask  to  the  polarization  tube. 
This  procedure  is  necessary  in  order  to  obtain  a  result  that  is  accu- 
rately reproducible.  It  is  surprising  that  in  view  of  the  dissimi- 
larity between  the  method  for  testing  raw  sugars  and  the  pro- 
cedure in  determining  the  100^  S  point  that  the  effects  of  changes 
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in  concentration  have  not  been  carefully  studied.  It  has  long  been 
recognized  that  the  ideal  conditions  of  having  both  procedures 
identical  is  not  practicable.  The  possibility  of  errors  has  alwajrs 
been  admitted,  but  owing  to  the  lack  of  accurate  data  on  the  sub- 
ject the  matter  has  been  generally  ignored.  Unfortunately,  the 
uncertainty  thus  introduced  has  been  used  at  times  as  an  argument 
against  a  revision  of  the  loo^  S  point,  the  statement  being  made 
that  it  was  not  necessary  to  know  the  ioo°  S  point  accurately, 
because  of  the  possible  errors  in  the  polarization  of  a  sugar,  due  to 
changes  in  concentration.  The  results  of  the  present  investiga- 
tion would  seem  to  eliminate  from  consideration  this  argument 
against  an  accurate  revision  of  the  loo®  S  point  of  the 
saccharimeter. 

As  a  result  of  the  conclusions  which  have  been  drawn  from  the 
preceding  data  we  would  suggest  the  following  for  the  guidance  of 
those  who  desire  to  secure  the  true  polarizations  of  raw  sugars : 

RAW  SUGAR,  FlLTJUtSD  ONCB 

1 .  The  increase  in  the  polarization  due  to  evaporation  is  negligi- 
ble in  ordinary  testing  for  all  potential  heads  up  to  22  mm  and  it 
is  therefore  unnecessary  to  use  any  precautions  to  prevent  or  to 
correct  for  evaporation  for  ordinary  atmospheric  conditions,  pro- 
vided the  duration  of  the  filtration  does  not  exceed  10  or  12 
minutes. 

2.  If  the  correction  for  the  increase  in  polarization  is  desired,  it 
may  be  obtained  from 

(2=0.00017  {P.-P^  T  (10) 

where  Q  » increase  in  polarization  in  degrees  sugar. 

P« « saturation  vapor  pressure  at  the  temperature  of  the 

solution. 
Pa » sattu^tion  vapor  pressure  at  the  temperature  of  the 

dew  point  in  the  air. 
T  —  time  of  filtration,  in  minutes. 
Q     should  be  subtracted  from  the  observed  polarization  to 

obtain  the  true  polarization. 


Effect  of  Evaporation  in  Sugar  Testing  555 

3.  Practically  all  increase  in  polarization,  regardless  of  atmos- 
pheric conditions,  may  be  prevented  by  covering  the  funnel  with  a 
watch  glass, 

HAW  SUOAR;  NOT  LBSS  THAN  ONB-FOURTH  OV  SOLTITION  VILTBRSD  TWXCB 

4.  The  increase  in  the  polarization  due  to  evaporation  is  not 
negligible  in  ordinary  testing,  but  may  amount  to  several  tenths  of 
a  sugar  degree.  It  is  therefore  necessary  to  prevent  or  to  correct 
for  evaporation  for  ordinary  atmospheric  conditions. 

5.  The  correction  for  the  increase  in  the  polarization  may  be 
calculated  from 

j2  =0.00060  (Pt-Pa)  T  (11) 

where  Q,Pt,Pai  and  T  have  the  definitions  given  in  2 .  Q  should  be 
subtracted  from  the  observed  polarization  to  obtain  the  true 
polarization. 

6.  Practically  all  increase  in  polarization,  regardless  of  atmos- 
pheric conditions,  may  be  prevented  by  covering  the  funnel  with 
a  watch  glass. 

Washington,  February  i,  1914. 
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I,  INTRODUCTION 
1.  PRESENT  PRIMARY  STANDARDS  OF  LIGHT 

The  need  of  a  reliable  standard  to  serve  as  a  basis  for  the 
measurement  of  light  has  long  been  recognized,  and  in  attempts  to 
meet  this  need  much  ingenuity  has  been  applied  and  a  tremendous 
amount  of  labor  has  been  expended.  No  standard  yet  produced 
has,  however,  shown  such  evident  superiority  as  to  obtain  general 
acceptance.  In  France,  Germany,  and  England  different  forms 
of  flame  standards  have  been  recognized  as  primary  standards,  but 
no  one  of  them  has  been  considered  entirely  satisfactory. 

^  This  paper  is  m  revision  of  one  published  in  the  Transactions  of  the  nhiminating  Bniinecring  Sodety 
(Vol.  5.  pp.  753-776;  X910).  under  the  title"  Report  of  progress  on  flame  standards."  More  recent  develop- 
ments have  not  materially  changed  the  conclusions  then  stated,  and  the  present  paper  differs  from  the 
original  in  form  more  than  in  substance.  Many  additional  measurements  have  been  made,  covering  in  all 
about  80  pentane  lamps,  but  so  far  as  the  purposes  of  this  pa{>er  are  concerned  the  older  data  show  the 
performance  of  the  lamps  as  well  as  the  newer  results  would,  and  with  a  few  excq>tioas  the  origjnal  tables 
have  been  retained. 
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In  France  the  Carcel  lamp,  invented  about  1800,  was  raised  to 
the  dignity  of  a  standard  largely  as  a  result  of  its  use  as  a  con- 
venient comparison  lamp  by  Fresnel,  although  definite  directions 
for  its  use  were  not  published  until  1862,  and  even  those  directions 
have  had  to  l^e  radically  modified  in  recent  years.*  The  later 
prestige  of  the  lamp  arose  from  the  fact  that  Violle  practically 
defined  his  unit  in  terms  of  the  Carcel,  and  in  default  of  a  repro- 
duction of  the  Violle  platinum  standard,  the  French  unit  (the 
bougie  ddcimale)  adopted  by  the  International  Electrical  Congress 
of  1889,  was  in  practice  maintained  by  the  Carcel  lamp,  the  candle- 
power  of  which  was  taken  as  9.62  bougies  ddcimales. 

The  Hefner  lamp  was  proposed  by  von  Hefner- Alteneck  in  1 884 
and  rapidly  displaced  the  candles  previously  used  in  Germany. 
In  1893  the  Physikalisch-Technische  Reichsanstalt  b^;an  to 
certify  lamps  of  this  type,  and  in  1895  the  present  German  unit, 
called  at  first  the  Hefnerhcht  and  later  the  Hefnerkerze,  was 
defined  as  the  intensity  of  a  Hefner  lamp  under  certain  atmospheric 
conditions. 

The  Harcourt  lo-cp  pentane  lamp,  the  final  product  of  a  series 
of  pentane  lamps  devised  by  Vernon  Harcourt  and  others,  was 
adopted  in  1898  for  all  tests  made  under  the  direction  of  the 
Metropolitan  Gas  Referees  of  London.  Since  some  doubt  existed 
regarding  the  reproducibiUty  of  the  lamps,  the  Engineering  Stand- 
ards Committee  defined  its  unit  of  candlepower  as  one-tenth  of  the 
candlepower  under  standard  conditions  of  a  particular  lamp  kept 
at  the  National  Physical  Laboratory. 

The  defects  of  such  standards  are  illustrated  by  the  fact  that  for 
years  after  the  three  types  were  adopted  in  the  respective  countries 
there  remained  a  considerable  margin  of  uncertainty  as  to  the 
relative  numerical  values  of  the  three  units.  Several  direct 
intercomparisons  of  the  flame  standards  gave  more  or  less  dis- 
cordant results,  and  no  definite  agreement  was  reached  until  a 
comparison  of  the  units  actually  used  in  each  of  the  national 
standardizing  laboratories  was  obtained  through  measurements  of 
groups  of  seasoned  electric  incandescent  lamps  carried  from  one 
laboratory  to  another.  These  measurements  showed  that  within 
the  limits  of  experimental  error  the  units  in  use  in  France  and  in 

*  J.  Gas  lAchtiag.  99,  p.  934;  1907. 
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England  were  equal,  while  the  Hefnerkerze  was  0.9  as  large  as  the 
others;  and  this  simplicity  of  ratios  made  possible  the  agreement 
which  has  reduced  the  units  of  light  to  two,  namely,  the  Hefner- 
kerze and  the  international  candle  of  England,  Prance,  and 
America.* 

The  light  unit  of  the  Bureau  of  Standards  has  always  been  main- 
tained by  groups  of  electric  lamps,  because  it  has  been  believed 
that  the  unit  once  agreed  upon  could  be  so  maintained  with  an 
accuracy  considerably  above  that  with  which  it  could  be  repro- 
duced by  reference  to  any  of  the  so-called  reproducible  standards 
at  present  in  use.  In  other  words,  the  incandescent  lamps  have 
really  been  employed  as  primary  standards,  and  the  flame  stand- 
ards, which  logically  shotild  play  the  part  of  primary  standards, 
have  been  relegated  to  a  subordinate  position.  For  example,  a 
given  pentane  lamp  is  not  assumed  to  give  10  candles,  but  is  com- 
pared with  the  electric  standards  and  is  assigned  a  value  as  a  result 
of  the  comparison. 

2.  HEED  Of  A  BETTER  STAHDARI) 

Although  the  electric  lamps  are  very  satisfactory  as  secondary 
standards,  and  although  as  empipcal  primary  standards  they  may 
serve  to  maintain  the  unit  of  light  constant  for  many  years,  yet 
there  is  a  possibility  of  an  appreciable  drift  in  the  value  of  the  unit 
occurring  sooner  or  later,  if  there  is  no  photometric  standard 
accurately  reproducible  from  its  specifications  which  is  capable  of 
serving  as  a  reliable  check  upon  the  electric  standards.  Conse- 
quently, while  the  present  unit  may  be  considered  as  definitely 
and  permanently  adopted,  there  is  need  of  a  reproducible  standard 
to  preserve  the  value  of  that  unit  unchanged.  There  have  been 
proposed  several  possible  methods  of  constructing  such  standards 
which  would  be  more  rational  than  the  essentially  crude  flame 
standards,  but  not  one  of  them  has  yet  been  developed  to  a  suffi- 
cient extent  to  be  of  any  use  as  a  permanent  custodian  of  the  unit, 
and  none  gives  much  promise  of  being  able  to  supplant  the  flame 
lamps  in  the  immediate  future.  It  has  therefore  appeared  worth 
while  to  make  a  study  of  the  best  types  of  flame  lamps  to  see  how 
closely  they  would  reproduce  in  our  laboratory  the  values  adopted 

•  Orciilftr  of  tlie  Bofvm  of  SUadaids.  No.  i5»  on  tb« ''Ixrtcnwtioiial  1^ 
46692«--14 8 
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by  international  agreement  and  also  to  find  whether  their  relia- 
bility as  primary  standards  could  be  increased  by  any  changes  in 
construction  or  in  operation. 

Another  reason  for  improving  flame  standards  is  their  extensive 
use  in  gas  photometry,  to  which  they  are  in  some  respects  better 
adapted  than  electric  standards.  At  the  suggestion  of  representa- 
tives of  the  gas  industry,  the  Bureau  of  Standards  some  years  ago 
took  up  the  study  of  some  of  the  more  important  flame  standards 
with  the  hope  of  improving  current  practice  in  gas  testing  in  Ameri- 
can cities.  We  may  anticipate  our  conclusion  by  saying  that  for 
such  use  the  pentane  lamp  has  appeared  far  superior  to  any  of  the 
others,  and  the  results  of  the  Bureau's  experience  have  been  incor- 
porated in  a  special  paper  *  for  the  guidance  of  those  who  may  have 
occasion  to  tise  that  form  of  lamp. 

The  present  paper  is  intended  to  give  some  of  the  details  of  the 
experimental  work  done  on  lamps  of  various  types  which  have 
found  a  more  or  less  extensive  use.  The  most  important  are  the 
three  primary  flame  standards  mentioned  above,  and  the  modified 
form  of  the  pentane  lamp  which  is  widely  used  in  the  United 
States,  and  only  these  four  forms  will  be  considered. 

In  any  flame  standard  the  lamp  itself  is  not  the  standard  but, 
along  with  the  fuel  and  the  air,  it  constitutes  a  means  for  pro- 
ducing the  actual  standard,  the  flame.  In  considering  the  prop- 
erty of  reproducibility  we  have  therefore  to  interpret  the  word  in 
a  double  sense;  we  must  consider  the  possibility  of  producing 
different  lamps  and  different  lots  of  fuel  which  are  sufficiently  like 
each  other  to  give  sensibly  the  same  candlepower,  and  we  must 
also  take  into  accoimt  the  exactness  with  which  a  given  lamp  can 
be  made  to  reproduce  the  intensity  of  its  flame  at  different  times. 
In  a  secondary  standsu-d  the  second  consideration  is  the  one  of 
chief  importance.  In  a  primary  standard  a  high  degree  of  repro- 
ducibility of  this  second  kind  is  desirable  but  is  not  really  indispens- 
able, provided  the  departures  from  normal  value  are  not  syste- 
matic; the  property  of  first  importance  is  the  reproducibility  of 
the  lamp  and  the  fuel. 

The  excellent  performance  of  the  electric  lamps  makes  it  pos- 
sible to  test  very  accurately  the  qualities  of  various  lamps,  for  we 

*  The  Pentane  Lamp  m  a  Wocking  Standard,  this  Bttlktin,  10,  pp.  391-4x5 ;  19x3. 
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can  not  only  measure  the  lamps  from  day  to  day  and  compare 
various  lamps  with  each  other  with  the  certainty  that  the  basis  of 
comparison  remains  constant,  but  we  can  also  determine  whether 
lamps  of  each  type  give  the  same  intensity  as  is  found  in  other 
laboratories,  and  hence  can  form  an  opinion  as  to  the  possibiUty  of 
an  independent  reproduction  of  the  unit. 

IL  EFFECTS  OF  ATMOSPHERIC   CONDITIONS 

1.  VARunons  m  thb  atmosphere 

Besides  the  lamp  and  the  fuel  the  third  factor,  the  air,  must  be 
considered,  for  it  affects  the  intensity  of  the  flame  very  markedly. 
Oxygen  is  supplied  by  the  atmospheric  air  drawn  into  the  flame. 
With  the  oxygen  go  nitrogen,  carbon  dioxide,  and  water  vapor, 
which  are  not  needed  for  combustion  and  which  cool  the  flame  and 
reduce  its  intensity.  If  the  air  supplied  to  the  flame  varies  in  its 
composition,  the  rate  of  combustion  is  altered  and  the  cooling  effect 
of  the  inert  gases  varies.  Forttmately  the  proportions  of  oxygen, 
nitrogen,  and  carbon  dioxide  in  the  open  air  are  remarkably  constant 
and  are  sensibly  the  same  in  different  places,  so  that  it  is  not  diffi- 
cult to  obtain  standard  conditions  in  this  respect  if  the  photometer 
room  has  provision  for  a  liberal  continuous  supply  of  fresh  air. 
In  the  present  work  therefore  no  attempt  has  been  made  to  deter- 
mine the  effects  of  abnormal  quantities  of  carbon  dioxide  or  of  a 
deficiency  of  oxygen,  but  care  has  been  taken  to  secure  such  good 
ventilation  that  no  correction  would  be  necessary  for  such  varia- 
tions in  the  composition  of  the  air. 

The  barometric  pressure  and  the  proportion  of  water  vapor  in 
the  air  are,  however,  variable,  and  it  is  not  easy  to  control  the 
variations  so  as  to  obtain  normal  conditions.  Consequently,  in 
order  to  determine  the  normal  value  of  a  flame  standard,  it  is 
usually  necessary  to  apply  corrections  for  the  departure  of  these 
two  conditions  from  normal. 

The  necessary  correction  factors,  the  rates  of  change  of  candle- 
power  with  variation  in  barometric  pressure  and  in  atmospheric 
moisture,  have  been  previously  determined  for  both  the  Hefner 
and  the  pentane  lamp,  but  the  determinations  have  not  agreed 
as  well  as  they  should.    The  discrepancy  between  the  results 
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obtained  at  the  Physikalisch-Technische  Reichsanstalt  and  those  of 
the  English  National  Physical  Laboratory  is  great  enough  to  cause 
a  difference  of  over  1.5  per  cent  in  the  average  corrected  valtie  of 
lamps  measured  at  Washington  in  the  sununer.  The  data  of  the 
present  investigation  are  sufficient  to  give  a  new  determination  of 
those  factors,  and  with  respect  to  the  effects  of  water  vapor  the 
results  have  been  so  definite  and  consistent  that  the  new  value 
has  been  adopted  for  use  both  in  reducing  the  data  presented  in 
this  paper  and  in  calculating  the  normal  values  of  lamps  tested  at 
the  Bureau. 

2.  EFFECT  OF  BAROMETRIC  PRESSURE 

The  range  of  barometric  pressure  included  in  these  measure- 
ments has  not  been  sufficient  to  give  a  thoroughly  reliable  value 
for  the  corresponding  correction  factor,  and  the  results  have  been 
considered  only  as  an  approximate  check  on  previous  values. 
In  Table  i  are  given  the  results  obtained  by  various  investigators: 

TABLE  1 
Percentage  Decrease  in  Candlepower  Caused  by  a  FaU  of  1  cm  in  Barometric 


AulkMttF 


i« 

BottMiMd,  HaMaiit  *  TrettwT. 

BttTMQ  of  Standafds 


*Za.  f.  Instnunent..  16,  p.  263, 1895;  J.  f.  C«s.  11.  Wasscr.,  49,  p.  561, 1906. 

*  Bkctridan  (London).  6t.  p.  751. 19041  J.  Institutioaof  BlecL  Bog..  t8«  p.  nyi,  1906-7;  J.  Cm  liskt^  M. 
p.  aja,  X907:  N.  P.  L.,  Collected  RcMarches,  S,  p.  49,  1908. 

'  J.  Qos  licht..  Hi,  p.  ago,  1911;  Amcr.  Gm  I«icht  J.,  W»  p.  145,  X91X. 

The  Bureau's  earlier  measurements,  of  which  the  results  were 
published  in  1910,  gave  an  average  value  of  0.6  per  cent  for  the 
factor  for  the  pentane  lamp,  but  since  the  range  of  pressures  was 
very  small  the  value  0.8  per  cent,  which  seemed  better  established, 
has  been  used  in  correcting  observations  on  test  lamps.  Later 
measurements  with  slightly  greater  range  continued  to  give  some- 
what discordant  results,  until  our  most  recent  experiments  which 
tend  to  confirm  the  value  0.6  at  normal  atmospheric  pressure.    It 
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may  be  noted  from  the  table  that  the  pentane  lamp  is  affected 
decidedly  more  than  the  Hefner  by  variation  in  pressm-e,  and  there 
is  evidence  that  on  some  flames  the  effect  is  still  greater.  Since 
for  some  purposes  this  effect  and  the  relative  change  in  various 
types  of  flame  are  important,  there  has  recently  beeit  undertaken 
at  this  Bureau  a  special  investigation  of  this  subject,  in  which  the 
determination  of  the  effect  on  the  flame  standards  over  consider- 
able ranges  of  pressure  is  being  made.  Within  the  range  of  pres- 
sure which  occurs  at  Washington  the  present  uncertainty  in  the 
correction  factor  is  not  of  great  importance,  since  the  possible  errors 
introduced  by  it  are  within  the  errors  of  measurement. 

3.  EFFECT  OF  WATER  VAPOR 

The  discrepancies  between  the  different  values  previously  given 
for  the  water-vapor  correction  factor  are  much  more  serious,  and 
it  is  therefore  a  source  of  gratification  that  the  determinations  at 
the  Bureau  have  been  remarkably  consistent  over  the  period  of 
four  years  during  which  this  work  has  been  carried  on. 

The  first  thorough  investigation  of  the  effect  of  atmospheric 
moisture  on  flames  was  made  by  Liebenthal  at  the  Physikalisch- 
Technische  Reichsanstalt,  and  the  method  of  expressing  the  vari- 
ation tised  by  him  has  been  generally  followed  by  others.  The 
humidity  (h)  is  stated  in  liters  of  water  vapor  per  cubic  meter  of 
(dry)  air,  and  it  is  found  that  the  variation  in  intensity  of  flames 
is  proportional  to  the  himiidity.  Consequently,  if  the  candle- 
power  of  a  lamp  is  defined  as  normal  (/n)  when  there  are  n  liters 
of  water  vapor  per  cubic  meter  of  air,  the  candlepower  (7)  corre- 
sponding to  any  proportion  of  water  vapor  is  given  by  the  equation 

/=/n[i +a(n-A)] 

The  method  of  determining  the  humidity  is  to  ascertain,  by 
means  of  a  hygrometer,  the  pressure  of  the  water  vapor  in  the  at- 
mosphere at  the  time  of  the  measurements.  This  divided  by  the 
barometric  presstu-e  minus  the  vapor  pressure  gives  the  ratio  of 
the  water  vapor  to  the  dry  air  with  which  it  is  nnxed;  this  ratio 
multiplied  by  1000  gives  the  niunber  of  liters  of  water  vapor  in 
1000  of  dry  air;  that  is,  in  a  cubic  meter  of  dry  air.  For  other 
purposes  it  is  more  common  to  state  the  number  of  liters  of  water 
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vapor  in  a  cubic  meter  of  the  damp  atmosphere.  The  difference 
between  the  two  methods  of  calculation  is  negligible  except  at 
extremely  high  humidities,  but  in  order  to  make  the  results  exactly 
comparable  with  those  of  other  investigators,  the  calculations  in 
this  paper  are  based  on  dry  air. 

It  is  evident  that  the  adoption  of  a  flame  lamp  as  a  primary 
standard  does  not  fix  the  value  of  the  unit  unless  a  standard  hu- 
midity is  specified.  The  normal  htunidity  for  the  Hefner  lamp 
has  been  fixed  as  8.8,  this  being  the  condition  under  which  Lieben- 
thal  found  the  lamp  to  give  the  intensity  which  had  already  been 
adopted  as  the  unit  of  the  Reichsanstalt.  For  the  pentane  lamp 
the  normal  humidity  was  originally  given  as  10  liters  per  cubic 
meter  of  air,  which  was  the  average  humidity  shown  by  the  obser- 
vations of  three  years  at  the  Meteorological  Office  in  London  and 
the  National  Physical  Laboratory  Observatory  at  Kew.  It  later 
developed  that  in  the  calculation  of  the  results  of  observations  on 
the  lamp  an  error  had  been  made,  and  that  the  condition  which 
had  been  taken  as  normal  was  not  actually  a  hmnidity  of  10  liters 
per  cubic  meter.  Atmospheric  humidities  were  formerly  meas- 
ured at  the  National  Laboratory  (as  generally  in  England)  by  the 
ordinary  wet  and  dry  bulb  thermometers,  without  any  artificial 
ventilation,  while  in  the  other  countries  the  instrument  used  was 
the  more  accurate  hygrometer  (psychrometer)  of  Assmann,  which 
is  ventilated  by  a  rapid  current  of  air  and  which,  therefore,  gives 
a  greater  depression  of  the  wet  bulb.  The  unventilated  hygrom- 
eter gives  fairly  correct  results  if  one  uses  the  tables  or  formula 
appropriate  to  that  instrument,  although  it  is  less  reliable,  owing 
to  the  fact  that  the  air  in  the  room  is  not  always  equally  still.  It 
appears,  however,  that  the  formtda  used  at  the  National  Physical 
Laboratory  was  the  formula  for  the  ventilated  hygrometer,  and 
hence  the  values  of  the  humidity  obtained  were  too  high. 

When  this  error  was  discovered,  there  were  two  ways  of  cor- 
recting it.  The  niunber  10  might  have  been  retained  as  giving 
the  normal  humidity,  but  since  the  actual  hmnidity  which  had 
been  called  normal  was  less  than  10  liters  per  cubic  meter  of  air, 
raising  the  normal  to  an  actual  10  liters  would  be  equivalent  to 
decreasing  the  normal  intensity  of  the  lamp.  Retaining  the  10 
would  therefore  make  it  necessary  either  to  reduce  the  unit  of 
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candlepower  slightly  or  to  assign  for  the  normal  intensity  of  the 
standard  pentane  lamp  a  value  somewhat  below  10  candles. 
The  other  method  of  adjustment  was  to  leave  unchanged  all  the 
actual  quantities  (humidity,  uxiit  of  candlepower,  and  candle- 
power  of  the  standard  lamp) ,  and  to  put  mto  the  formula  instead 
of  10  the  nimiber  which  correctly  represented  the  humidity  pre- 
viously given  as  10  liters  per  cubic  meter  of  air.  This  appeared 
to  be  the  most  reasonable  method  of  effecting  the  correction. 
Moreover,  it  would  retain  the  extremely  simple  ratios  which  had 
been  foimd  to  exist  between  the  French,  English,  and  German 
units  as  maintained  at  the  respective  national  laboratories."  This 
method  was  therefore  adopted  and  Dr.  Glazebrook  annotmced  in 
a  paper  read  before  the  British  association*  that  the  humidity 
previously  determined  as  10  liters  by  the  unventilated  instrument 
was  found  to  be  actually  8,  so  that  the  correction  formula  was 

Candlepower=ioH- 0.066  (8  — ft) 

where  h  is  the  number  of  liters  of  water  vapor  in  a  cubic  meter  of 
dry  air.  The  Gas  Referees  of  London  concurred  in  this  proposal, 
and  the  official  value  of  the  pentane  lamp  has  since  been  expressed 
by  the  above  equation. 

In  effect,  then,  it  is  true  of  both  the  Hefner  and  the  pentane 
lamps  that  a  value  approximating  the  yearly  average  was  found 
by  comparing  the  flame  with  electric  lamps,  and  this  average 

*  The  statement  has  been  repeatedly  made  (see,  for  example,  H.  Kruss,  J.  f .  Gasbeleucfatmig,  88,  p.  705, 
X909;  J.  Gas  lighting,  107,  p.  439, 1909;  Amer.  Gas  light  J.,  91,  p.  676, 1909;  and  the  report  off  the  German 
committee  of  the  International  Electrotechnical  rommiwdon,  Eldctrotecfa.  Zeitschrift,  80,  p.  593, 1909) 
that  the  British  candle  was  changed  to  secure  this  agreement,  whereas  in  fact  the  course  chosen  was  that 
whidi  avoided  a  change  in  the  unit  off  the  National  Physical  Laboratory,  which  had  been  adopted  by  the 
Bnginecring  Standards  Committee  as  the  British  unit.  Even  in  England  there  seems  to  have  been  an  im- 
pression that  the  standard  conditions  were  dianged  (see  Electrician,  68,  p.  303, 1909),  and  thfl  imprcssioo  has 
found  its  way  into  various  American  publications.  Unfortunately,  in  the  numerous  direct  comparisons 
between  flame  standards  which  were  made  in  1906  and  1907  confusicm  arose  from  the  different  methods  of 
measuring  humidity,  and  the  results  obtained  were'  not  the  real  ratios  between  the  units  in  use  in  the 
different  countries.  For  instance,  on  the  Continent  measurements  on  the  pentane  lamp  were  reduced  to 
a  basis  of  10  (actual)  liters  of  water  vapor  per  cubic  meter  of  air,  and  consequently  a  low  value  was  found 
for  the  pentane  candk.  In  England ,  on  the  other  hand,  the  value  aitignrd  to  the  Hefner  was  that  obtained 
with  a  real  humidity  in  the  neighborhood  of  7  instead  of  8.8,  and  consequently  Paterson  found  the  large 
▼ahie  0.9x4  for  the  Hcfncrkerze  in  terms  of  the  unit  of  the  National  Physical  Laboratory.  I«ater,  when 
proper  corrections  were  made  so  that  each  standard  was  reduced  to  the  normal  condition  obtaining  in  the 
kboratory  where  it  constituted  the  primary  standard,  it  was  found  that  the  direct  comiMirisons  gave  results 
In  dose  agreement  with  those  obtained  by  interchanging  electric  standards.  (See  Paterson  on ' '  The  Pri^ 
posed  International  Unit  of  Candlepower,"  PhiL  Mag.  (6).  18,  p.  a^,  X909;  Proc  Phys.  Soc  of  T^ondna, 
81,  p.  867. 19x0;  N.  P.  I#.  ColL  Researches,  i,  p.  1x7, 19x0;  J.  Gas  li^thig,  107,  p.  383, 1909.) 

*  B.  A.  Report,  1908,  p.  693,  and  Electridaa,  il,  pp.  93*-<9S3, 1908. 
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value,  maintained  by  means  of  the  electric  standards,  constituted 
the  real  unit  of  candlepower.  Later  the  conditions  under  which 
the  flame  lamps  themselves  gave  the  standard  values  were  deter- 
mined, giving  a  more  exact  definition  of  the  unit  in  terms  of  the 
flames.  

4.  THB  WATER-VAPOR  COBmCIBHT 

The  choice  of  a  normal  htunidity  must  of  necessity  be  more  or 
less  arbitrary,  but  the  value  of  the  coefficient  which  gives  the 
change  in  candlepower  caused  by  a  variation  of  one  unit  in  the 
amount  of  water  vapor  is  a  matter  for  experimental  determination. 
In  Table  2  are  given  the  values  which  have  been  published  for  this 
coefficient. 

TABLE  2 

Water-Vapor  Cotxection  Factors 


(TIm  onalMn  than  an  dM  pefetati«e  of  dacraiM  in  caadtep«««r  eaoMd  by  an  I 

vsppf  per  cubic  Hidw  if  sif.] 

IncreMa  tf  1 1 

HiKifvKtar 

AnOMrity 

Hebiflf 

VXypen^ 
buMtany 

Ltobtofhal** 

ass 

.66 

OlSS 

Piltrwo" 

.66 

J.&D0fri* 

.71 

9»tHmHUM^  llaM—  A  TwrfHw  !• 

.62S 
.56 

.62S 

pvnh'Hii  ff  StenouuS.  ••• •••>•••••■••••••.••••••••>•••••••••••••.•••■•••••. 

.57 

>*  See  note  5.  p.  56t.                      ^'BlectricB  IReview  (London).  W,  \ 
>i  See  note  6,  p.  56a.                    >*Seenote7,  p.  56a. 

p.  496;  1906. 

The  large  value  obtained  by  Mr.  Dow  is  not  entitled  to  much 
weight,  because  the  measurements  of  humidity  were  made  with  an 
tmventilated  hygrometer  and  because  the  value  given  is  apparently 
derived  from  50  measurements  of  candlepower  remaining  after  a 
half  dozen  others  had  been  rejected  on  the  ground  that  they 
differed  by  2  per  cent  or  more  from  the  value  to  be  expected. 

It  will  be  seen  from  the  table  that  all  investigators  agree  in  the 
conclusion  that  the  two  kinds  of  lamps  are  affected  equally  by 
humidity;  but  observers  disagree  as  to  the  magnitude  of  tiie  effect. 
It  appears  therefore  that  the  cause  of  the  difference  is  probably 
to  be  found  elsewhere  than  in  the  methods  of  operating  the  lamps. 
It  is  probable  either  that  the  methods  of  measuring  the  humidity 
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are  different  or  that  some  condition  more  or  less  systematically 
connected  with  the  humidity,  such  as  temperature  or  vitiation  of 
the  air,  has  affected  measurements  in  some  laboratories  more  than 
in  others. 

The  accidental  variation  in  the  results  obtained  is  not  great 
even  when  relatively  few  measurements  are  made.  For  example, 
in  Table  3,  which  shows  the  factors  calculated  separately  from 
measurements  made  at  the  Bureau  on  six  Hefner  lamps,  it  will  be 
seen  that  the  "  probable  error  "  of  the  mean  is  small  compared  with 
the  differences  exhibited  in  Table  2. 

TABLE  3 
Water* Vapor  Correction  for  Hefner  Lamp 

TlM  fBctor  flvon  ia  (he  percentage  of  decieaie  in  candlepoweroneed  bf  an  incfeiaeof  1  literal 

per  cubic  meter  of  air.] 


Lamp  number 

If  umber  of  meaanzementi 

CocrMtkui  fictof 

786 

19 

as2S 

8S7 

20 

a564 

1343 

21 

a  578 

804 

15 

0.575 

879 

13 

a562 

1342 

13 

a532 

Total 

101 

•  •• 

• 

^0|g)itod  meaiL 

0.557 

Figs.  I  and  2  show  the  distribution  of  the  observations  on  two 
typical  lamps.  The  larger  part  of  the  measurements  are  grouped 
at  low  humidities,  and  consequently  the  slope  of  the  curves  depends 
very  largely  on  a  small  number  of  observations  at  higher  humidi- 
ties. These  observations  were  made  xmder  the  conditions  least 
favorable  for  accurate  measurements,  and  the  data  of  Table  3 
might  well  be  expected  to  show  the  extreme  variations  likely  to 
arise  from  accidental  errors  of  measurement.  However,  the 
values  given  for  separate  lamps  in  the  table  can  hardly  be  con- 
sidered as  entirely  independent  determinations  since  the  whole 
group  of  lamps  were  usually  measured  one  after  another  in  each 
set  of  measurements,  and  the  agreement  is  therefore  less  significant 
than  it  wotdd  be  if  the  measurements  on  the  several  lamps  had 
been  made  at  different  times. 
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Fig.  1. — Variation  of  cancBepower  wilh  humidUyt  Hefner  lamp  No,  867, 
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On  the  pentane  lamps  many  more  measurements  have  been 
made,  and  the  data  obtained  are  sufficient  for  many  entirely 
independent  determinations  of  the  correction  factor.  Table  4 
gives  the  results  published  in  i9io»  and  the  observations  on  which 
these  results  were  based  are  shown  graphically  in  Figs.  3  and  4. 

TABLE  4 

■ 

Water- Vapor  Correction  for  Pentane  Lamps 

{The  iMtK  chrui  is  tho  pitqatiis  ol 


in  candtopoww  caused  bjr  an  Incveaae  of  1  Utar  a! 
par  cubic  matar  at  air.] 


Lamp 

maaaiua- 
manta 

Fadaf_ 
tfaflvad 

Rancaaf 

watar  vapor 

(1  par  cum 

alair) 

Cbaaca,  Na*  116 ,  ...  . 

220 

81 

165 

a569 
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a  561 
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5. 0-14. 3 
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A"!«fTkan,  Na.  137 
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Aaaricaiia  Ha.  162 
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Talal 

628 

Maan . .  a                     ,      , .  > 

a567 

Maan  «f  all 

a567 

The  same  coefficient  is  found  for  the  low  range  of  humidities 
(4  to  14  liters  per  cubic  meter)  as  for  the  higher  range  (14  to  27 
liters  per  cubic  meter);  in  other  words,  the  relation  between 
candlepower  and  himiidity  is  linear  from  the  lowest  to  the  highest 
humidities  encountered.  The  same  coefficient  is  obtained  for 
lamps  of  the  American  tjrpe  as  for  those  of  the  original  form,  and 
measurements  made  on  the  various  lamps  at  different  times  as 
well  as  with  different  humidities  agree  very  closely.  The  mean 
value,  0.567  per  cent  change  in  candlepower  for  a  change  of  i  liter 
per  cubic  meter  in  the  water  vapor,  fotmd  from  628  observations 
on  seven  different  lamps,  would  seem  to  be  subject  to  very  little 
uncertainty. 

Since  there  seemed  to  be  so  little  room  for  doubt  that  the 
smaller  coefficient  was  correct,  at  least  for  the  conditions  encoun- 
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tered  at  the  Bureau,  an  attempt  was  made  to  ascertain  why  the 
value  found  in  England  was  so  much  higher.  Mr.  Paterson's 
work  on  the  pentane  lamp  is  of  a  high  order  and  great  confidence 
was  placed  in  the  precision  of  his  measurements.  It  was  recalled, 
however,  as  has  been  mentioned  above,  that  in  his  experiments 
htunidities  had.  been  measured  with  the  ordinary  unventilated 
hygrometer,  whereas  at  the  Bureau  the  Assmann  instrument  had 
always  been  used.    In  the  paper  announcing  the  change  in  the 
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Pig.  3. — Variathn  of  amdlepowtr  of  pwitane  lamps  mWi  kurnkS^. 

normal  humidity,  Dr.  Glazebrook  stated  also  that  "a  complete 
series  of  experiments  has  shown  that  the  constant  0.066  in  the 
formula  holds  both  for  the  ventilated  and  unventilated  instru- 
ments. "  This  means,  of  course,  that  the  constant  is  the  same 
when  the  humidity  is  computed  from  observations  made  on  un- 
ventilated hygrometers  using  the  formula  or  tables  intended  for 
ventilated  hygrometers,  the  only  change  in  the  correction  formula 
being  from  10  to  8  in  the  parenthesis.  In  other  words,  the 
straight  line  of  which  the  correction  formula  is  the  equation  has 
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been  displaced  parallel  to  itself,  its  slope  temaining  unchanged. 
A  little  consideration  shows  that  this  can  only  be  true  tmder 
special  conditions. 

In  an  unventilated  hygrometer  the  air  about  the  wet  bulb  retains 
some  of  the  moisttue  taken  up  by  the  evaporation,  and  thus  evapo- 
ration is  retarded,  whereas  in  the  Assmann  hygrometer  the  air 
moves  over  the  bulb  so  rapidly  that  it  is  always  surrounded  with 
air  of  practically  the  same  humidity  as  that  of  the  room.    Hence, 
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Fig.  4. — Variatkm  of  cendlepomer  of  penkom  lamps  mith  humkSty, 

the  uhventilated  instrument  will  show  a  smaller  depression  than 
the  other.  The  difference,  which  is  considerable  at  low  humidities, 
decreases  as  the  htunidity  increases  and  disappears  at  saturation. 
That  is,  the  depression  of  the  reading  of  the  wet-bulb  thermometer 
is  zero  in  both  instruments  in  saturated  air,  and  hence  they  will 
agree  ais  to  its  humidity. 

Suppose,  for  example,  that  a  pentane  lamp  is  meastued  in  air 
that  contains  8  Uters  of  water  vapor  per  cubic  meter  at  18**  C, 
and  again  in  air  containing  20  liters  of  water  vapor  at  the  same 
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temperature.  Suppose  its  candlepower  be  found  to  be  lo  inter- 
national candles  in  the  first  case,  and  9.32  candles  in  the  second.  The 
change  of  0.68  candles  is  due  to  a  change  of  12  liters  of  water 
vapor  per  cubic  meter,  and  since  the  change  in  candlepower  is 
simply  proportional  to  the  humidity  it  is  seen  that  the  coeffi- 
cient is  0.68  divided  by  1 2,  or  0.057.  If,  however,  an  unventilated 
hygrometer  had  been  employed  and  an  incorrect  formula  used, 
so  that  the  first  humidity  came  out  10  instead  of  8,  the  second 
humidity  would  have  been  correctly  shown  to  be  full  saturation, 
which  the  tables  show  to  be  20  liters  per  cubic  meter  at  18®  C, 
then  the  coefficient  found  would  have  been  0.68  divided  by  10,  or 
0.068.  This  shows  that  there  must  be  an  error  in  the  coefficient 
found  if  measurements  at  different  humidities  are  made  at  the 
same  temperature.  If  the  higher  humidities  are  at  higher  tem- 
peratures, as  they  generally  are,  the  error  will  be  less,  and  it  is 
possible  to  choose  temperattires  and  humidities  so  as  to  get  the 
same  error  in  the  water  vapor  each  time,  and  thus  get  a  correct 
humidity  coefficient. 

In  the  weights  and  meastues  division  of  the  Bureau  of  Standards, 
Mr.  Pienkowsky  has  observed  readings  of  an  unventilated  wet- 
and-dry  bulb  hygrometer  and  an  Assmann  ventilated  hygrometer 
(both  instruments  in  the  same  room)  for  several  years  past, 
calculating  the  humidities  from  both  sets  of  observations.  The 
expression  for  the  difference  between  the  pressure  e^  of  saturated 
aqueous  vapor  at  the  temperature  t^  of  the  wet  bulb  and  the  actual 
vapor  pressure  e  in  the  atmosphere  is 

e^  —  e^Ab  (/  — O. 

where  t  —  ti  is  the  depression  of  the  temperature  of  the  wet  bulb 
thermometer,  b  is  the  barometric  pressure  and  A  is  a  constant 
depending  on  the  instrument  and  on  the  velocity  of  motion  of 
the  air  over  the  wet  bulb. 

In  Jelinek's  tables  for  a  mean  barometric  pressure  of  755  nun 
the  value  of  the  product  of  Afe  is  taken  a&  follows: 

1.  For  still  air a  906 

2.  For  slightly  moving  air a  604 

3.  For  rapidly  moving  air o^495 
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The  coefficient  given  for  the  Assmann  hygrometer  is  0.500. 
Mr.  Pienkowsky  has  computed  the  humidity  from  the  unventilated 
instrument)  using  the  constant  0.906,  and  from  the  Assmann 
using  0.495,  and  the  results  have  agreed  as  nearly  as  could  be 
expected.  When,  however,  the  same  formula  is  used  for  both 
instruments,  the  tmventilated  instrument,  which  gives  smaller  de- 
pressions of  the  wet  bidb  by  from  0^.5  to  3°  in  actual  practice, 
gives  humidity  values  which  are  too  high  by  from  i  to  4  liters 
of  water  vapor  per  cubic  meter  of  air,  the  diflFerence  depending 
both  on  the  absolute  humidity  and  the  temperature,  being  less  as 
the  humidity  is  greater,  and  less  as  the  temperature  is  lower.  It 
is,  however,  not  the  same  at  the  same  relative  humidity,  when 
both  temperature  and  humidity  vary.  In  order  to  ascertain  what 
the  average  difference  is  between  the  two  methods  of  obtainmg 
humidity,  some  of  Mr.  Pienkowsky's  observations  have  been 
used  to  compute  the  unventilated  hygrometer  readings  by  the 
formula  for  the  other  instrument,  the  differences  being  plotted 
against  the  actual  humidities.  The  mean  result  is  that  10  liters 
of  water  vapor  per  cubic  meter  of  dry  air  by  the  tmventilated 
instrument  corresponds  to  6  liters  by  the  Assmann,  tmder  the 
conditions  of  temperature  imder  which  the  observations  were 
taken,  namely,  a  temperature  of  about  20°  C.  If  the  laboratory 
temperature  had  been  15°  C,  the  difference  would  have  been 
about  two  liters.  This  conclusion  has  been  checked  by  theoretical 
calculations  from  the  formula  using  the  coefficient  0.906  for  the 
unventilated  instrument,  and  0.495  for  the  Assmann. 

We  have  not  learned  what  formukts  were  used  by  Mr.  Paterson 
in  determining  his  humidity  coefficient  and  in  recalculating  the 
value  on  the  basis  of  the  ventilated  hygrometer,  but  the  data  which 
he  has  kindly  commtmicated  to  us  seem  to  indicate  that  in  his 
meastirements  the  average  relation  between  humidity  and  tem- 
perature was  such  as  to  make  the  error  in  the  determination  of 
the  hiunidity  practically  constant  and  in  the  neighborhood  of  2 
liters. 

Since  the  original  publication  of  the  Bureau's  results,  as  given 
above,  the  work  of  Messrs.  Butterfield,  Haldane  and  Trotter  has 
appeared,  and  correspondence  with  the  National  Physical  Lab- 
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oratory  has  failed  to  disclose  any  reason  for  the  difference  between 
our  value  and  theirs.  Consequently,  our  original  data  has  been 
thoroughly  examined  for  possible  errors,  and  the  results  have  been 
recalculated.  In  part  of  the  original  observations  barometric 
pressures  were  taken  from  a  barograph,  checked  at  intervals.  It 
was  found  that  some  small  errors  were  introduced  by  this  instru- 
ment, and  in  the  recalculation  correct  pressure  data  furnished  by 
W.  C.  Bishop  have  been  used.  The  effect  of  these  corrections, 
however,  has  been  to  leave  the  mean  result  absolutely  unchanged, 
while  the  three  lamps  which  were  measured  over  the  larger  range 
of  humidity  are  brought  still  closer  to  this  mean.  The  coefiScients 
derived  for  these  three  lamps  become  0.568,  0.565,  and  0.564, 
respectively.  In  terms  of  candlepower  measurements,  this  agree- 
ment of  results  means  that  the  curves  derived  give  the  same  rela- 
tive values  for  the  three  lamps  at  the  lowest  htunidity  as  at  the 
highest  within  less  than  one-tenth  per  cent. 

Further  determinations  including  some  2300  measurements  on 
27  different  lamps  in  191 1  and  1912  have  given  identically  the 
same  result  as  the  data  of  Table  4,  and  so  far  as  accidental  errors 
are  concerned  the  value  of  the  coefficient  seems  to  be  settled  for 
the  conditions  under  which  measurements  are  made  at  the  Bureau. 

A  possible  explanation  of  the  large  differences  between  results 
obtained  in  different  laboratories  may  be  found  in  a  direct  e£tect 
of  temperature  on  the  candlepower.  Changes  of  temperature 
and  of  humidity  are  closely  related;  the  so-called  humidity  correc- 
tion might  really  represent  the  combined  effects  of  moisture  and 
temperature  changes.  The  relative  variation  of  the  two  elements 
is  probably  not  the  same  in  different  laboratories;  for  example, 
measurements  made  at  the  Bureau  include  a  larger  range  of 
htunidity  than  do  those  made  at  the  National  Physical  Labora- 
tory, while  the  range  of  indoor  temperatures  is  probably  about 
the  same  in  the  two  laboratories,  the  average  temperature  at  the 
Bureau  being  higher.  We  have  not,  however,  been  able  to  obtain 
any  definite  indication  that  changes  of  temperature  within  the 
usual  laboratory  range  affect  the  candlepower  of  either  the  Hefner 
or  the  pentane  lamp,  and  both  Paterson  and  Butterfield,  Haldane 
and  Trotter  have  concluded  that  they  do  not  affect  the  pentane 
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lamp.     It  therefore  appears  unlikely  that  temperature  effects 
will  afford  a  solution  of  the  difficulty. 

It  is  perhaps  worth  noting  that  in  case  of  insufficient  ventilation 
there  is  a  connection  also  between  the  humidity  and  the  vitiation 
of  the  air,  since  the  processes  which  exhaust  the  oxygen  of  the  air 
usually  produce  considerable  quantities  of  water  vapor.  If  the 
arrangements  are  such  that  the  thoroughness  of  the  ventilation 
varies,  there  will  be  some  tendency  for  the  coincidence  of  high 
humidities  with  poor  ventilation,  for  whenever  the  ventilation 
becomes  insufficient  the  water  vapor  produced  by  the  lamps  and 
observers  will  increase  the  hiunidity.  In  a  room  where  the  flow 
of  air  depends  on  difference  of  temperature  between  indoor  and 
outdoor  air,  still  more  serious  effects  might  be  produced  by  a  sys- 
tematic difference  in  the  flow,  which  wotdd  probably  be  less  in 
summer,  and,  if  so,  would  tend  to  give  fictitiously  large  values  for 
the  humidity  effect.  The  room  in  which  the  present  work  has  been 
done  is  supplied  with  air  by  a  system  of  forced  ventilation,  assur- 
ing a  flow  independent  of  weather  conditions.  It  was  considered 
desirable  to  remove  immediately  from  the  room  the  air  which 
rises  about  the  lamp,  canying  with  it  products  of  combustion, 
and  this  was  accomplished  by  placing  a  hood  above  the  lamp  with 
a  pipe  leading  to  a  ventilating  outlet.  That  the  ventilation  was 
sufficiently  good  is  shown  by  the  fact  that  lamps  btuned  continu- 
ously for  several  hours  showed  no  decrease  in  intensity,  and  that 
a  complete  change  of  the  air  (obtained  by  placing  a  fan  in  an  open 
window  and  blowing  outdoor  air  through  the  room)  caused  no 
perceptible  increase  of  candlepower.  In  the  work  of  Butterfield, 
Haldane  and  Trotter,  however,  where  the  ventilation  was  insufGi- 
cient,  measurements  of  the  carbon  dioxide  were  regularly  made  as 
a  test  for  the  condition  of  the  air,  and  corrections  for  vitiation  were 
made;  their  value  for  the  humidity  coefficient  is  larger  than  that 
obtained  either  at  the  Bureau  of  Standards  or  at  the  Reichsans- 
talt,  where  such  correction  was  unnecessary. 

5.  COMPLSTB  BQUATIONS   FOR   HEFITBR   AND   FBliTAHB    LAMPS 

In  reducing  to  normal  conditions  the  data  discussed  in  the 
following  pages,  the  coefficients  given  by  Liebenthal  have  been 
used  for  the  Hefner  lamps,  while  for  the  pentane  the  officially 
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adopted  formula  has  been  modified  by  the  substitution  of  our 
own  value  (0.0057)  for  the  water-vapor  coefficient.  The  equation 
for  the  Hefner  lamp  is  then 

/==/n[i +0.0055  (8.8  — A)  —  o.oooii  (760  —  6)] 

and  that  for  the  pentane  lamp  is 

/  =  /»[i +0.0057  (8.0  — A)— 0.0008  (760— 6)] 

where  /  is  the  observed  candlepower  of  the  lamp  under  the 
given  atmospheric  conditions;  1%  is  the  normal  value  of  the 
lamp,  that  is,  its  candlepower  at  an  atmospheric  humidity  of 
8.8,  or  of  8,  liters  of  water  vapor  per  cubic  meter  of  air,  and  a 
barometric  pressure  of  760  mm  of  mercury;  h  is  the  ntunber  of 
liters  of  water  vapor  per  cubic  meter  of  air,  as  found  by  the 
Assmann  psychrometer ;  and  6  is  the  barometric  pressure  in 
millimeters  of  mercury." 

In  is  not  assumed  for  either  Hefner  or  pentane  lamps,  but  is 
the  quantity  to  be  determined  by  each  measurement.  Putting 
A  and  B  for  the  two  correction  terms, 

/=/«(/+A-B), 
or 

T 
In- 


I'\-A-B 


In  accordance  with  this  equation  a  value  for  /»  is  calculated 
from  each  observed  value  for  /,  and  in  judging  the  performance 
of  a  lamp  it  is  important  to  find  how  closely  these  different 
values  for.  /»  for  a  given  lamp  agree  with  other,  whether  the 
average  values  of  /»  found  for  different  lamps  of  the  same  type 
are  the  same,  and  whether  the  value  found  for  lamps  of  a  given 
type  is  the  nominal  one,  namely,  10  candles  for  the  pentane  lamp 
and  nine-tenths  of  a  candle  for  the  Hefner. 

10  The  coefficients  o.ooozz  and  0.0008  apply  only  to  pressures  near  the  nonnal;  for  higher  pressures  the 
yariation  is  less  and  for  lower  pressures  greater.  When  the  investigations  now  in  progress  at  the  Bureaa 
are  completed  we  shall  probably  change  the  coefficient  for  the  pentane  lamp  to  0.0006  at  normal 
sure. 
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nL  OBSERVATIONS  ON  THE   SEVERAL  TYPES  OF  LAMPS 

1.  WORKING  STANDARDS  USED 

The  meastirement  of  the  flame  standards  in  terms  of  the 
ftmdamental  electric  standards  of  the  Bureau,  which  are  16 
candlepower  carbon  lamps  burned  at  4  watts  per  candle,  involves 
a  comparison  between  lights  of  marked  difference  in  color,  except 
in  the  case  of  the  Carcel.  For  both  pentane  and  Hefner  lamps  this 
difficulty  is  very  serious,  the  case  of  the  Hefner  being  worst  of  all, 
not  only  because  it  is  reddest  but  also  because  it  requires  a  larger 
step  down  in  intensity,  which  of  itself  is  difficult  to  make  with 
accuracy.  For  this  investigation  sets  of  electric  working  stand- 
ards were  calibrated  at  voltages  below  the  normal,  chosen  to 
make  the  lamps  match  the  flames  in  color.  The  heterochromatic 
measurements  were  thus  confined  to  the  calibration  of  these 
standards,  and  in  the  measurements  of  the  flames  variations 
due  to  color  difference  were  avoided.  Any  uncertainty  in  the 
calibration  of  the  electric  working  standards  is,  of  course,  carried 
over  into  all  the  values  obtained  for  the  flames.  The  questions 
of  heterochromatic  photometry  involved  need  not  be  discussed 
here,  but  it  is  not  probable  that  the  results  obtained  by  other 
groups  of  observers  would  differ  by  more  than  one-half  per  cent 
from  that  used  in  the  case  of  the  standards  calibrated  to  match 
the  pentane  flame.  For  those  which  match  the  Hefner  flame 
the  uncertainty  is  greater,  and  differences  of  i  per  cent  might 
occur  between  independent  calibrations. 

2.  THE  CARCEL  LAMP 

In  the  discussion  of  correction  coefficients  no  mention  has  been 
made  of  the  Carcel  lamp,  because  its  performance  is  so  erratic 
that  no  one  has  been  able  to  determine  any  of  its  coefficients. 
Very  few  measurements  on  the  lamp  have  been  made  at  the  Bu- 
reau, but  those  made  have  confirmed  the  conclusions  reached  by 
other  observers  in  that  the  lamp  never  does  reach  a  steady  state, 
the  intensity  in  different  directions  and  with  different  chimneys 
varies  considerably,  shifting  the  chimney  up  or  down  a  small 
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distance  often  changes  the  candlepower  by  several  per  per  cent,  and 
the  departure  of  any  one  measurement  from  the  mean  value  of  the 
lamp  is  likely  to  exceed  2  per  cent  when  the  utmost  care  is  taken 
to  reproduce  the  conditions  of  burning.  While  the  mean  candle* 
power  obtained  happened  to  fall  very  near  the  normal  value  (9.62 
international  candles),  no  confidence  could  be  felt  in  any  value  so 
determined,  and  it  appeared  useless  to  spend  more  time  on  the 
lamp. 

3.  THB  HEFHER  LAMP 

The  Hefner  lamp  has  had  a  long  and  honorable  career.  Al- 
though it  has  some  serious  defects  and  requires  much  patience 
and  skill  and  many  observations  to  obtain  accurate  results,  it 
nevertheless  has  some  important  merits.  If  it  had  not,  it  would 
not  now  be  contesting  for  first  place  among  primary  flame  stand- 
ards, after  the  world  has  had  more  than  a  quarter  of  a  century  in 
which  to  replace  it  by  a  better  one. 

Its  principal  merits  as  a  primary  standard  are  its  simplicity  of 
construction  and  operation,  ease  of  manipulation,  portability,  dura- 
bility, and  the  excellent  agreement  of  one  lamp  with  another.  Its 
defects  are  its  small  intensity,  unstable  flame,  reddish  color,  and 
the  difficulty  of  setting  the  flame  at  exactly  the  right  height.  For 
either  a  primary  or  a  secondary  standard  these,  it  mtist  be  admit- 
ted, are  serious  objections. 

The  Reichsanstalt  certifies  Hefner  lamps  as  correct  if  within  2 
per  cent  of  their  standard.  At  the  Bureau  of  Standards  we  have 
eight  Hefner  lamps — four  made  by  one  company  and  four  by  an- 
other— and  all  fall  within  this  limit.  Indeed,  the  mftYimiitri  de- 
parture of  any  lamp  from  the  mean  of  all  is  scarcely  more  than  i 
per  cent.  However,  a  primary  photometric  standard  is  not  oi- 
tirely  satisfactory  so  long  as  appreciable  differences  exist  among 
a  lot  of  lamps  made  to  the  same  specifications.  Accidental  errors 
will,  of  course,  occur  in  the  measurements,  but  of  these  eight  Hef- 
ner lamps,  certain  ones  are  regularly  high  and  others  regularly  low, 
showing  that  the  lamps  are  not  as  nearly  identical  in  construction  as 
they  should  be.  This  result  is  due  to  two  things.  In  the  first  place, 
the  specifications  are  not  as  precise  as  they  should  be,  and  in  the 
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second  place  there  are  in  some  lamps  slight  departures  from  the 
specifications.  That  the  intensity  of  the  flame  may  always  be 
the  same — ^mider  the  same  atmospheric  conditions — ^it  is  neces- 
sary (i)  that  the  fuel  be  uniform,  (2)  that  the  wick  tube  shall 
always  be  of  the  same  material  and  dimensions,  and  (3)  that  the 
height  of  flame  be  constant.  In  comparing  lamps,  the  same  fuel 
and  the  same  kind  of  wick  are  used  in  the  di£Ferent  lamps,  and 
comparisons  are  made  with  the  same  apparatus  and  practically  in 
the  same  atmosphere,  as  they  are  used  in  succession  by  the  method 
of  substitution.  Hence  the  differences  observed  are  due  (i)  to 
differences  in  fliame  height  or  (2)  to  differences  in  the  effect  of  the 
wick  tubes  on  the  size  or  temperature  of  the  flame. 

There  are  two  styles  of  sight  used  on  Hefner  lamps.  The  earlier 
form  has  a  horizontal  plate,  0.2  mm  thick  in  the  center  of  the 
sight  tube,  and  the  height  of  the  flame  is  adjusted  until  sighting 
along  this  plate  one  sees  the  tip  of  the  flame  in  the  correct  position 
with  respect  to  the  plate.  In  the  other  form,  due  to  Krfiss,  the 
flame  is  projected  by  a  lens  upon  a  ground-glass  screen,  and  the 
tip  of  the  flame  is  made  to  fall  on  a  Une  across  the  center  of  this 
screen.  This  is  the  more  convenient  and  preferable  form.  The 
eye  is  fatigued  by  the  naked  flame  viewed  through  the  first  form 
of  sight,  and  the  adjustment  can  not  be  made  as  accurately  to  the 
plate  as  to  the  line  on  the  screen  in  the  second  form.  A  slightly 
higher  average  candlepower  is  obtained  for  the  lamps  having  the 
Krtiss  sight  than  for  those  having  the  Hefner  sight.  The  authors 
recommend  the  use  of  the  EIrtiss  sight  only,  and  for  these  three 
separate  reasons:  (i)  It  is  less  fatiguing  to  the  eye,  (2)  it  permits 
more  consistent  settings,  (3)  it  makes  possible  a  higher  degree  of 
reproducibility  by  avoiding  whatever  difference  there  may  be 
due  to  using  two  forms  of  sight.  When  it  is  remembered  that  i 
tTiTn  change  in  fliame  height  represents  2  per  cent  change  in  flame 
intensity,  and  hence  the  allowable  error  is  only  a  few  tenths  of  a 
millimeter  in  the  position  of  the  nearly  nonluminous  tip  of  the 
flame,  it  is  seen  that  this  adjustment  is  one  which  requires  great 
care  and  experience,  and  an  optical  device  for  a  sight  that  is  accu- 
rately reproducible.  Unfortunately,  this  setting  at  best  is  not 
wholly  free  from  personal  equation. 
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The  flame  gauge  is  satisfactory  and  permits  a  very  close  repro- 
ducibility in  setting  the  wick  tube  with  respect  to  the  sight.    The 
gauges  cotdd,  however,  be  made  somewhat  more  accurately  than 
they  are,  since  several  of  those  examined  were  in  error  by  two 
tenths  per  cent. 

The  wick  tube  aflFects  the  flame  in  several  ways.  The  bore 
should  be  8  millimeters  exactly,  and  this  determines  to  some 
extent  the  size  of  the  flame.  This  dimension  is  very  accurately 
met  in  all  the  lamps.  The  thickness  of  the  tube  is  specified  to  be 
from  0.14  to  0.17  mm.  The  tube  conducts  heat  down  to  the 
liquid  amyl  acetate  which  saturates  the  wick,  the  top  of  which 
is  from  i  to  3  mm  below  the  top  of  the  tube,  but  it  also  conducts 
heat  on  down  to  the  body  of  the  lamp  and  dissipates  more  from 
its  surface.  The  thicker  the  tube  the  more  readily  is  the  heat 
conducted,  and  hence  with  the  thicker  tube  the  top  of  the  wick 
must  be  higher  in  the  tube  to  give  the  correct  flame  height- 
Also,  the  thicker- walled  tube  cools  the  flame  more,  and  therefore 
reduces  its  candlepower.  Hence,  the  wick  tube  should  be  very 
accurately  specified  to  insure  reproducibility.  A  departure  of  one 
or  two  himdredths  of  a  millimeter  from  the  mean  in  the  thickness 
of  the  wall  of  the  wick  tube  might  seem  negligible,  but  its  effect 
is  not  negligible.  To  insure  strict  reproducibility,  the  weight  of 
the  tube  should  be  specified  in  addition  to  its  bore  and  its  length; 
the  composition  of  the  German  silver  of  which  the  tube  is  made 
ought  also  to  be  specified,  to  insin-e  imiform  results.  There  is 
reason  to  believe  that  if  the  specifications  were  drawn  closer  and 
the  construction  were  as  exact  as  it  might  be,  a  considerable 
improvement  in  the  reproducibility  would  result. 

The  fuel,  amyl  acetate  (C7H14O,),  is  readily  obtained  pure 
enough  to  satisfy  the  specifications.  We  have,  however,  received 
from  a  reputable  chemical  firm  amyl-acetate  which  was  guaran- 
teed by  them  to  be  pure,  which  did  not  conform  to  the  specifica- 
tions, and  which  gave  a  flame  of  slightly  different  intensity  from 
amyl-acetate  fulfilling  the  specifications.  Hence,  the  only  safe 
way  in  precise  work  is  to  test  the  fuel  before  using  it,  or  purchase 
only  amyl  acetate  that  has  been  tested  with  reference  to  its  use 
in  the  Hefner  lamp. 
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The  flame  height  specified  in  the  Hefner  lamp  is  40  mm,  at 
which  height  it  gives  nine-tenths  of  an  international  candle.  An 
extended  study  has  been  made  of  the  amyl-acetate  lamps  when 
burning  at  a  flame  height  of  45  mm,  at  which  height  they  give 
one  international  candle;  at  least  those  with  Elniss  sights  give,  on 
an  average,  one  international  candle.  Taking  the  mean  of  all, 
the  height  should  be  about  45.25  mm.  It  is  believed,  however, 
that  when  the  wick  tube  is  more  accurately  specified,  and  the 
Kruss  sights  alone  are  employed,  a  flame  height  of  45.0  mm  will 
give  very  accinxitely  one  international  candle. 

There  is  no  appreciable  temperatin-e-light  coefficient  to  the 
Hefner  lamp  between  the  limits  of  temperature  that  are  com- 
monly employed.  It  is,  however,  steadier  at  from  15°  to  20°  C 
than  at  higher  temperatures.  Hence,  for  work  of  highest  preci- 
sion a  comparatively  narrow  range  of  temperature  might  well  be 
specified. 

In  Table  5  is  given  a  summary  of  results  obtained  on  eight 
Hefner  lamps,  two  of  which,  however,  are  new  lamps  and  have 
been  compared  only  a  few  times.  Of  the  remaining  six,  three 
have  the  Hefner  sights  and  three  the  Kriiss  sights.  In  the  first 
part  of  the  table  the  results  are  given  for  a  flame  height  of  40  mm 
and  in  the  second  for  45  mm.  In  the  second  coltunn  is  given  the 
number  of  measurements  made  on  each  lamp,  a  "measurement" 
being  the  value  fotmd  on  a  given  occasion  as  the  mean  of  20  or 
more  separate  settings  on  the  photometer  and  two  to  five  new 
adjustments  of  the  flame.  More  than  half  of  the  measurements 
were  made  by  Mr.  Crittenden  and  Mr.  Taylor,  while  the  others 
were  made  by  various  persons  of  less  experience  with  flame 
standards.  For  comparison,  the  results  obtained  by  the  more 
experienced  observers  are  given  separately. 
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TABLE  5 
Summary  of  Measisrements  on  E^ht  Hefner  Lamps 


[VcLn 


Wiicht 
of  wick 
tabein 

Flame  40 

xu^B  ludi 

Flame  45 

mm  U^ 

Pevcei 

meand 

fiens 

ilafefll 

fjimp 

An  meesnre- 
menti 

B.C.C.* 
▲.H.T. 

Anmeasufe- 

E.C.C.* 
JLELT. 

evlallM 
naacp 

No.  of 
mees. 

Mean 
cptnL 

No.  of 

Meen 

cpiat 

amdlee 

No.  of 

Mean 

cpiaL 

nuirtlm 

No.  of 

Bfean 

cpinL 

ranrtlim 

40]mii 

«« 

HMnersVita: 
804  K 

L246 
L145 
1.144 

21 
19 
19 

a889r 
a897t 
a896i 

is 

13 
13 

a890r 
a898b 
0.897« 

17 
17 
17 

a990r 
a991« 

a99ii 

11 
11 
11 

a99& 

a993r 
a9e8r 

a74 
0.50 
a  67 

OLtf 

879  8-H 

a6S 

1342  8-H 

0l92 

IffMBI. 

a8944 

a89S» 

a99U 

a99i« 

a64 

0.74 

KillMsVita: 
786  K 

1.311 
L153 
L121 

26 

32 
33 

a90ii 

0.907» 
a903| 

19 
20 
21 

0.9011 
a906i 
0.901« 

23 
25 
24 

a997ft 
1.00U 
1.0001 

17 
18 
17 

a99e« 

LOOU 
a999r 

aso 
a44 
a54 

a65 

887  S-H 

a47 

1343  S-H 

a7o 

lC««n 

a903i 

a903i 

****** 

a999| 

a999| 

a49 

0l61 

IfomofaU... 

a899i 

a899« 

a995« 

a995r 

a56 

a68 

Newlampt: 
1714  K 

1.177 
L184 

5 
5 

a890| 
a896i 

4 
4 

0i887i 
a89Si 

1715  K 

The  ntimbers  given  above  for  the  several  lamps  are  the  numbers  placed  upon  them 
at  the  Physikalisch-Technische  Reichsanstalt,  where  all  were  tested  and  certified. 
Hie  letters  following  the  numbers  indicate  the  maker. 

The  mean  value  of  the  iGirst  three  lamps  at  40  mm  flame  height 
(to  three  decimal  places)  is  0.896,  and  of  the  second  three  0.903, 
the  mean  of  the  six  being  0.899  international  candles.  This  is 
very  near  indeed  to  the  value  0.900  international  candles,  assigned 
to  the  Hefner  lamp  in  the  international  agreement  of  1909;  in 
fact,  it  is  nearer  than  one  can  expect  to  repeat  the  determination, 
because  of  the  difficxilties  of  color  and  intensity  mentioned  above. 

The  mean  value  of  the  first  three  lamps  at  45  mm  flame  height 
is  0.992,  and  of  the  second  group  of  three  is  i  .000,  the  mean  of  all 
being  0.996  international  candles.  This  is  very  near,  indeed,  to 
one  international  candle.  As  the  diflFerent  lamps  vary  in  candle- 
power  on  account  of  slight  differences  in  their  dimensions,  the 
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agreement  between  lamps  can  be  improved,  and  when  the  closer 
specifications  are  drawn  they  should  be  so  fixed  as  to  make  the 
candlepower  at  45  mm  as  near  as  possible  to  one  international 
candle. 

The  average  difference  of  the  separate  measwements  from  the 
mean  of  all,  for  each  lamp,  is  given  in  the  last  columns  of  the 
table,  for  the  measurements  of  the  more  experienced  observers 
only.  They  average  0.64  and  0.49  per  cent,  respectively,  for  the 
two  groups  of  lamps  at  40  mm,  or  0.56  per  cent  for  aU.  At  45  mm 
the  average  is  0.74  and  0.61  per  cent,  respectively.  That  is  to 
say,  a  single  ** measurement"  is  in  error  on  the  average  a  little 
more  than  one-half  per  cent.  In  the  case  of  lamp  No.  i  ,343  at  40 
mm,  the  21  measurements  were  divided  into  three  groups  of  seven 
each.  Calling  the  mean  of  each  group  of  seven  measurements  a 
determination,  we  find — 


Flxit  ddtennlnatlon  . . . 
Second  determhuitloii. 
Tliird  deterniinatton.. 


Mean  .. 
Avecago- 


Interna- 

tionalcan- 

dlee. 


a8997 
a  9017 
a9049 


0.9018 


Difference 
IroBiTTWwni 


a  0021 
0.0001 

0.0031 


0.0018 


Thus,  each  determination  differs  from  the  mean  of  the  three  by 
two  parts  in  a  thousand.  If  the  lamp  shotdd  continue  to  do  as 
well,  and  other  lamps  could  be  made  to  agree  with  it  accurately, 
this  would  be  a  very  good  performance  for  a  primary  standard. 
No  reason  is  known  why  the  lamp  should  not  continue  to  do  as 
well,  nor  why  different  lamps  may  not  be  made  to  agree  much 
better  than  heretofore.  Since  the  chief  differences  in  the  lamps 
are  believed  to  be  due  to  the  wick  tubes,  it  is  mainly  a  matter  of 
careful  construction  and  painstaking  inspection,  wherein  all  tubes 
not  conforming  to  strict  specifications  are  rejected.  Then  if  each 
lamp  has  three  or  more  tubes,  all  of  which  are  used  in  succession, 
and  the  mean  of  the  results  taken,  the  accidental  unavoidable 
errors  in  the  tubes  will  be  largely  eliminated.  If  the  Hefner 
lamp  were  to  be  adopted  as  a  primary  photometric  standard,  it 
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wotild  be  advisable  to  specify  further  that  the  mean  value  of  at 
least  three  lamps,  each  supplied  with  three  tubes  (at  least  10 
determinations  being  made  with  each  tube),  be  taken  as  the 
value  of  the  unit. 

In  the  above  table,  the  lamp  in  each  group  that  has  the  lowest 
candlepower  has  the  thickest  (and  heaviest)  wick  tube.  Both  are 
from  the  same  maker  and  both  have  the  flame  gauge  0.2  per  cent 
too  short.  The  high  values  of  No.  887  are  also  due  in  part  to  an 
incorrect  gauge,  in  this  case  0.2  per  cent  too  high. 

The  results  shown  above  are  better  than  have  been  obtained 
heretofore  at  the  Bureau  and  illustrate  what  can  be  done  by  expe- 
rienced observers  working  under  the  most  favorable  conditions, 
As  a  working  standard  imder  ordinary  conditions,  much  greater 
errors  would,  of  course,  be  found. 

4.  THE  PENTANE  LAMP 

The  Harcourt  pentane  lamp  presents  a  striking  contrast  to 
the  Hefner.  It  is  bulky,  relatively  complicated  in  construction, 
less  portable,  and  less  convenient  in  manipulation,  more  expen- 
sive in  first  cost  and  in  fuel,  and  requires  much  better  ventila- 
tion and  a  larger  photometer  room.  On  the  other  hand,  its 
higher  candlepower,  steadier  flame,  and  better  color  are  very 
great  advantages.  As  to  reproducibility,  it  is  easier  to  reproduce 
results  with  a  given  pentane  lamp  than  with  a  Hefner  lamp  when 
both  are  operated  under  correct  conditions,  but  there  is  a  greater 
difference  among  different  pentane  lamps  than  among  different 
Hefners. 

No  wick  is  used  in  the  pentane  lamp.  The  fuel  (pentane, 
CgHj,)  is  contained  in  an  elevated  reservoir  or  saturator.  Air 
enters  the  inlet  and  mixes  with  the  vapor  of  pentane  as  it  passes 
over  the  liquid  pentane  through  the  maze  into  which  the  sat- 
urator is  divided  by  vertical  vanes,  and  this  mixture  flows  down 
the  supply  pipe  to  the  burner.  In  hot  weather  the  pentane  may 
evaporate  so  rapidly  as  to  .flow  out  through  the  ixdet,  and  thus 
prevent  the  air  from  entering.  In  this  case,  only  pentane  vapor 
is  fed  to  the  flame.  Air,  heated  by  passing  through  the  annular 
space  between  the  ixmer  and  outer  chimney,  flows  down  through 
the  hollow   standard  and  into  the  central  chamber  below  the 
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burner.  Thtis  the  flame  resulting  from  the  combustion  of  the 
vapor  of  pentane  as  it  issues  from  the  ring  of  30  holes  in  the 
steatite  burner  is  fed  with  preheated  air  within  the  flame,  while 
it  takes  atmospheric  air  directly  through  its  outer  surface.  The 
length  of  flame  used  is  determined  by  the  distance  between  the 
burner  and  the  chimney,  which  is  adjusted  to  be  47  mm  when 
cold,  and  the  height  of  flame  is  controlled  by  the  rate  of  supply  of 
the  fuel.  The  latter  is  regulated  by  a  stopcock.  The  tip  of  the 
flame  is  viewed  through  a  mica  window  in  the  lower  end  of  the 
inner  chimney,  and  must  be  watched  and  frequently  regulated  in 
work  of  the  highest  precision.  When  the  flame  is  at  the  correct 
height  its  candlepower  is  a  maximum.  As  in  the  case  of  the 
Hefner,  the  intensity  of  the  flame  depends  upon  the  dimensions 
of  the  lamp,  the  composition  of  the  fuel,  the  atmosphere  in  which 
it  is  burned,  and  the  manipulation  of  the  lamp,  especially  as 
regards  regulating  the  flame  height  and  screening  the  flame. 

The  specifications  of  the  standard  pentane  lamp  were  care- 
fully drawn,  and  have  been  closely  followed  by  the  several  makers 
of  the  lamps,  with,  however,  some  variations  in  the  American 
lamps.  But  that  the  specifications  are  not  sufficiently  exact  and 
complete  is  shown  by  the  fact  that  different  lamps  differ  in  candle- 
power  appreciably.  That  is,  different  pentane  lamps  burning  the 
same  fuel,  in  the  same  atmosphere  and  operated  by  the  same 
people,  differ  by  as  much  as  2  or  3  per  cent,  quite  independently 
of  the  errors  of  observation.  It  is  not  possible,  therefore,  to  take 
the  light  of  a  pentane  lamp  as  10  international  candles  under  the 
stated  standard  conditions.  It  may  in  any  particular  case  be 
only  9.6  or  9.8  candles  at  standard  humidity  and  barometric 
pressure,  even  when  the  fuel  and  all  external  conditions  are  right. 

The  total  intensity  of  the  light  of  the  flame  depends,  of  course, 
on  its  dimensions,  and  this  is  affected  by  the  size  of  the  burner. 
The  specifications  say  that  there  shall  be  30  holes  (from  1.25 
to  1.5  mm  in  diameter)  drilled  in  a  circle  in  the  steatite  burner, 
the  outside  and  inside  diameter  of  which  are  24  nmi  and  14  mm, 
respectively.  But  the  precise  diameter  of  the  ring  of  holes  is  not 
specified,  and  this  is  found  to  vary  in  different  burners. 

Of  the  three  English  lamps  for  which  values  are  given  in  this 
paper  all  fulfill  the  specifications  regarding  burners,  and  all  have 
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the  individual  holes  about  the  same  size  (1.35  mm  in  diameter), 
but  in  the  one  which  gave  the  low  candlepower  the  diameter  of 
the  circle  of  holes  was  2  per  cent  smaller  than  in  the  others.  This 
was  thought  to  be  a  possible  explanation  of  the  low  value,  but  it 
has  since  been  fotmd  that  the  effect  on  the  candlepower  does  not 
exceed  0.5  per  cent.  A  series  of  interchangeable  burners,  in 
which  the  variations  were  made  even  greater  than  the  specifica- 
tions permit,  have  been  tested.  In  these  the  outer  diameter  of 
the  circle  of  holes  varies  by  4  per  cent,  and  the  different  burners 
have  holes  ranging  from  i.i  mm  to  1.5  mm  in  diameter;  the  com- 
bined effect  of  variation  in  holes  and  in  size  of  circle  is  only  about 
I  per  cent  in  candlepower.  The  reason  that  this  effect  is  so  small 
is  probably  to  be  found  in  the  fact  that  the  pressure  on  the  vapor 
is  very  small,  and  the  flow  from  the  holes  is  so  gentle  that  the 
vapor  spreads  so  as  to  cover  the  whole  top  of  the  burner.  Conse- 
quently, the  size  of  the  flame  is  determined  more  by  the  size  and 
shape  of  the  top  of  the  burner  than  by  the  dimensions  and  location 
of  the  holes  in  it.  Still,  a  closer  specification  of  the  latter  would 
remove  a  soin-ce  of  small  differences  between  lamps. 

It  is  well  known  that  a  pentane  lamp  increases  in  candlepower 
for  a  time  after  Ughting  up,  and  that  one  should  wait  from  15  to 
30  minutes  before  taking  measurements.  In  Fig.  5  are  given  four 
curves  taken  during  the  heating-up  period  of  the  lamp,  showing 
that  the  light  increases  to  a  maximum  and  then  decreases  to  its 
steady  value.  This  maximum  is  from  1.5  to  3  per  cent  above 
the  final  value,  which  is  reached  in  from  15  to  30  minutes.  The 
first  two  ciu^es  are  for  English  lamps,  which  reach  a  steady  con- 
dition in  half  the  time  required  by  the  early  American  lamps 
whose  performance  is  shown  in  the  lower  curves.  These  Ameri- 
can lamps  were  of  the  type  first  made  in  this  country,  which  had 
lower  candlepowers  than  most  English  lamps,  and  the  study  of 
these  heating  curves  led  to  the  discovery  of  one  cause  of  the  low 
candlepower.  The  form  of  the  curves  indicates  the  presence  of 
two  opposing  influences,  one  tending  to  make  the  candlepower 
high  and  the  other,  which  becomes  effective  a  little  later,  tending 
to  lower  the  candlepower.  In  the  American  lamp  this  second 
effect  is  greater  than  in  the  English  form.  These  two  opposing 
influences  are  simply  the  temperatures  of  the  two  columns  which 
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constitute  the  circulatory  air  system  of  the  lamp.  The  chmmey 
becomes  hot  first  and  a  vigorous  circulation  is  set  up,  making  a 
strong  draft  up  through  the  btuner  and  thus  broadening  the 
flame.  As  the  lamp  standard,  through  which  the  air  flows  down, 
becoxnes  warmer,  the  temperature  difference  of  the  two  columns 
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Fig.  5. — VariatioH  c/can^^xmftr  ofpmttoM  Umq>s  afUr  lighting. 

is  less;  the  circulation  is  less  vigorous,  and  the  flame  becomes 
slightly  narrower. 

Beneath  the  saturator  is  a  flat  radiating  plate,  which  in  the 
English  lamps  is  brazed  to  the  standard  and  serves  to  conduct 
heat  away,  thus  keeping  down  the  temperature  of  the  down- 
flowing  air.  In  the  early  American  lamps  this  plate  was  consid- 
ered primarily  as  a  support  for  the  saturator,  and  it  was  connected 


588  Bulletin  of  the  Bureau  of  Standards  [vu.  n 

to  the  standard  only  by  two  bands.  It  therefore  failed  to  function 
properly  as  a  radiator  of  heat;  the  standard  became  too  warm, 
so  that  the  air  flow  was  decreased  and  the  candlepower  lowered. 
Experimental  tests  showed  that  the  substitution  of  a  brazed  plate 
for  the  loose  one  increased  the  candlepower  by  about  i  per  cent, 
while  freeing  the  plate  from  the  standard,  even  without  removing 
it  entirely  from  the  lamp,  caused  a  reduction  of  the  candlepower. 
In  one  case,  the  same  American  lamp  gave  9.63  candles  when  the 
plate  was  not  in  contact  with  the  standard  and  9.75  in  the  regular 
condition.  This  suggests  the  possibility  of  an  appreciable  varia- 
tion being  introduced  by  accidental  change  of  the  contact  betw^pn 
the  plate  and  the  standard.  For  this  reason,  as  well  as  to  bring 
the  lamps  nearer  10  candles,  the  brazed  plate  should  be  tised. 

Another  detail  of  construction  which  makes  a  measurable  dif- 
ference in  the  same  way  is  the  connection  between  the  bottom  of 
the  chimney  and  the  standard.  This  should  be  of  nonconducting 
material,  but  in  the  first  American  lamps  it  was  made  of  metal, 
which  conducted  heat  across  to  the  standard  and  thereby  reduced 
the  candlepower.  When  these  two  faults  of  construction  are  rem- 
edied, as  they  have  been  in  more  recent  lamps,  the  American  form 
will  reach  a  steady  state  in  about  20  minutes  after  lighting.  The 
newer  lamps  also  give  higher  candlepowers  than  those  shown  in 
this  paper. 

By  interchanging  parts  so  far  as  possible,  evidence  has  been 
obtained  that  the  discrepancy  between  the  English  lamps  studied 
is  largely  due  to  some  difference  in  the  air  system,  but,  unfortu- 
nately for  this  work,  the  lamps  are  not  intended  to  be  taken  apart 
and  the  parts  are  not  interchangeable  in  general.  Consequently 
the  exact  cause  of  the  difference  has  not  been  found. 

The  candlepower  of  a  pentane  lamp  can  be  appreciably  increased 
by  any  method  of  cooling  the  standard.  Even  the  introduction 
of  a  screen  to  cut  off  the  radiation  of  heat  from  the  flame  to  the 
standard  makes  a  perceptible  difference,  and  drafts  of  air  blowing 
over  the  lamp  probably  produce  more  effect  through  the  disturb- 
ance of  temperature  conditions  than  by  disturbing  the  flame 
directly.  Precautions  should  therefore  be  taken  to  obtain  a  gentle 
and  regular  flow  of  air  past  the  lamp  when  it  is  in  use. 

There  is  one  feature  which  tends  to  make  the  American  lamp 
higher  in  candlepower  than  the  EngUsh  form.    This  is  the  method 
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of  supporting  the  inner  chimney.  The  chimney  is  set,  when  cold, 
47  mm  above  the  burner,  but  the  expansion  on  heating  reduces 
the  height.  Since  the  chimney  is  supported  near  the  bottom  in 
the  American  lamp  and  at  the  top  in  the  English,  the  reduction 
in  height  is  less  in  the  former  type.  The  actual  height  when  the 
lamps  are  burning  has  been  found  to  be  46.7  mm  in  one  American 
lamp  and  45.9,  45.8,  and  45.7  mm,  respectively,  in  three  English 
lamps.  Incidentally  these  variations  suggest  that  if  the  lamp  is 
to  be  a  primary  standard  some  better  method  of  fixing  the  height 
is  necessary. 

Although  many  lamps  of  English  and  of  American  manuf  acttn-e 
have  been  tested,  none  of  them  except  a  few  very  recent  American 
lamps  have  shown  a  candlepower  as  high  as  that  of  the  standard 
pentane  lamp  of  the  National  Physical  Laboratory.  The  maker 
of  that  lamp,  from  whom  the  bureau  purchased  two  lamps,  was 
tmable  to  duplicate  it  exactly  as  to  candlepower. 

One  of  the  difl&cult  features  of  the  use  of  pentane  lamps  is  the 
fuel.  In  addition  to  the  inconvenience  of  pentane  being  very  ^ 
volatile  and  explosive,  its  composition  is  variable,  and  as  some- 
times supplied  does  not  conform  to  specifications.  It  is  distilled 
from  gasoline,  its  composition  being  made  nearly  uniform  by 
repeated  distillation.  Besides  the  great  difficulty  in  separating  all 
the  butanes  (C4H10)  and  all  the  hexanes  (CaHiJ,  pentane  itself 
(C5H12)  exists  in  three  separate  forms,  which  have  difiFerent  boiling 
points.  Two  of  these  come  within  the  range  of  temperature  used 
in  the  final  distillation,  and  in  addition  the  distillation  carries  over 
more  or  less  of  the  substances  which  have  higher  boiling  points. 
Hence  if  pentane  which  compUes  strictly  with  the  specifications 
be  distilled  it  may  be  separated  into  three  portions  of  appreciably 
difiFerent  boiUng  points.  This  fractionation  goes  on  in  the  satu- 
rator,  and  the  photogenic  value  of  the  pentane  changes  to  an 
appreciable  extent  in  a  few  hours.  The  official  specifications  of 
the  London  Gas  Referees  direct  that  the  residual  pentane  be 
emptied  out  of  the  saturator  at  least  once  in  each  calendar  month. 
For  work  of  the  highest  precision  the  authors  find  that  it  is  desir- 
able to  do  this  every  time  the  lamp  is  refilled,  and  that  this  refilling 
be  done  frequently,  not  waiting  until  the  pentane  is  nearly 
exhausted.    This  requires  the  rejection  of  a  considerable  fraction 
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of  the  pentane.  For  less  precise  work,  such  as  ordinary  testing,  it 
is  allowable  to  use  a  larger  portion  of  the  pentane,  but  even  then 
it  is  better  to  make  correction  when  the  heavier  fractions  are  used. 
This  correction  is  discussed  in  the  paper  on  the  use  of  the  pentane 
lamp  to  which  reference  has  been  made. 

In  Table  6  are  given  the  results  of  candlepower  measurements 
made  upon  three  English  and  fotu-  American  pentane  lamps.  In 
the  second  column  is  given  the  number  of  measurements  made 
on  each  lamp  from  which  the  mean  value  has  been  computed. 
As  with  the  Hefner  lamp  previously  discussed,  a  "  measurement " 
is  the  mean  of  a  large  number  (30  or  more)  of  individual  settings 
on  the  photometer,  the  flame  being  inspected  (and  adjusted,  if 
necessary)  several  times  during  the  set.  A  group  of  30  settings 
(constituting  one  measurement)  on  the  pentane  lamp  is  made  in 
about  5  minutes,  whereas  a  group  of  20  settings  on  a  Hefner  lamp 
requires  on  an  average  about  1 5  minutes.  The  difference  is  due 
to  the  much  greater  unsteadiness  of  the  Hefner  flame,  which  often 
requires  waiting  for  the  flame  to  be  steady  and  at  the  right  height; 
whereas,  with  the  pentane,  settings  are  made  in  rapid  succes- 
sion. The  method  employed  of  automatically  recording  the  pho- 
tometer settings  makes  rapid  settings  practicable  in  the  most 
precise  work.  The  average  deviation  of  a  single  measurement 
from  the  mean  of  all  is  given  for  each  lamp  in  the  fourth  column, 
and  amounts  to  a  little  less  than  0.4  per  cent  on  the  average. 

TABLE  6 
Measurements  of  Pentane  Lamps,  Apr.  8  to  Sept  9,  1910 
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In  Table  7  are  given  the  separate  measurements  in  sets  of  10, 

each  group  constituting  a  '"determination"  of  candlepower,  for 

four  pentane  lamps.    This  shows  the  order  of  magnitude  of  the 

deviations  of  each  measurement  from  the  mean  of  a  group.    These 

variations  are  due  to  a  considerable  number  of  factors,  such  as 

variation  in  the  atmosphere,  in  the  fuel,  in  the  effects  of  drafts 

and  of  flame  adjustment,  as  well  as  errors  of  the  photometric 

measurements. 

TABLE  7 

Separate  Measurements  of  Candlepower  for  Two  Pentane  Lamps 

AMEiaCAN  LAMP,  NO.  25 


9.64 

9.67 

9.61 

9.56 

9.59 

9.67 

9.61 

9.62 

9.63 

9,75 

9.62 

9.58 

9.65 

9.70 

9.64 

9.64 

9.53 

9.65 

9.63 

9.64 

9.53 

9.64 

9.56 

9.62 

9.53 

9.63 

9.57 

9.64 

9l46 

9.62 

9.60 

9.56 

9.46 

9.60 

9.65 

9.60 

9.50 

^57 

9.59 

9.64 

9.552 

9.650 

9.606 

9.610 

M«aiof 

•U-9.60S 

AMERICAN  LAMP,  NO.  157 


9.60 

9.57 

9.62 

9.53 

9.63 

9.61 

9.64 

9.65 

9.64 

9.61 

9.47 

9.61 

9.61 

9.55 

9.48 

9.60 

9.61 

9.59 

9.51 

9.57 

9.58 

9.58 

9.51 

9.64 

9.60 

9.58 

9.52 

9.62 

9.61 

9.59 

9.51 

9.58 

9.61 

9.62 

9.54 

9.62 

9.57 

9.64 

9.53 

9.54 

9.606 

9.594 

9.533 

9.596 

MMll«fftU-9.582 

In  Table  8  the  results  are  given  of  different  determinations  on 
four  American  pentane  lamps.  In  the  columns  headed  A  are  the 
differences  from  the  mean,  which  average  2  parts  in  looo  for  all 
the  determinations  of  candlepower  on  the  four  lamps.     The  error 
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in  the  mean  would,  of  course,  be  less  than  this  if  the  lamps  are  as 
consistent  with  themselves  as  they  appear  to  be. 

TABLE  8 
Detemiination  of  Candlepower  for  Foisr  American  Pentane  Lamps 


Lamp  No.  25 

Lamp  If  0.74 

Lamp  No.  157 

Lamp  No.  162 

Int 
candles 

A 

Int 
caxidlos 

A 

btL 
candioa 

A 

btL 
caadloa 

A 
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9.552 
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9.744 

-a  052 
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9.  .133 
9.596 

+a024 

+aoi2 

-a  049 
+0.014 

9.796 
9.807 
9.797 

-a  004 

2 

+aoo7 

s 

—0.003 

A.. 

^«  •••.... ............. 

Mmn 

9.605 

a  026 

9.727 

a026 

9.582 

a025 

9.800 

aoQS 

In  the  above  table  A  is  the  difference  between  a  single  determination  and  the 
mean  of  the  several  determinations  given  in  the  table.  A  "determination"  is  the 
mean  of  lo  "measurements." 

In  Table  9  are  given  similar  results  of  a  larger  number  of  deter- 
minations on  three  EngUsh  pentane  lamps.  The  22  determinations 
on  the  first  Chance  lamp  represents  220  measurements,  or  prob- 
ably about  10  000  separate  photometric  settings.  The  average 
value  of  the  deviations  of  the  separate  determinations  from  the 
mean  of  all  is  2  in  1000  for  two  lamps,  and  1.3  for  the  third.  If 
the  determinations  on  each  lamp  be  divided  up  into  groups  of 
four,  the  mean  of  each  group  differs  from  the  mean  of  all  by 
only  one-tenth  of  i  per  cent.  This  is  a  gratifying  degree  of  repro- 
ducibility. Of  course,  such  results  would  be  obtained  only  as 
the  means  of  a  considerable  ntimber  of  measurements,  even  if  the 
flame  standards  were  ideal  in  their  performance,  for  the  errors 
of  the  photometric  measurements  are  considerable.  That  the 
errors  belonging  to  the  flame  standards  themselves  could  be  so 
small  when  measured  in  all  kinds  of  weather,  with  a  wide  range  of 
humidity  and  temperature,  and  considerable  range  of  barometric 
pressure,  with  many  resettings  of  the  lamps,  and  over  a  period 
of  some  months,  we  would  not  have  thought  possible  when  this 
work  was  begun. 

But  while  the  value  of  a  given  lamp  can  be  determined  with 
so  little  tmcertainty,  the  differences  between  lamps  are  very  con- 
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siderable.  The  candlepower  of  the  Sugg  lamp  is  2.6  per  cent 
less  than  that  of  the  Chance  lamps,  whereas  two  American  lamps 
are  slightly  smaller  in  candlepower  than  the  Sugg  lamp.  It  is 
recognized  in  England  that  different  pentane  lamps  differ  in  can- 
dlepower, so  that  the  standard  of  the  National  Physical  Labora- 
tory is  not  that  of  any  pentane  lamp  taken  at  random,  nor  the 
mean  value  of  a  group  of  lamps,  but  a  partictilar  pentane  lamp. 
It  remains  to  learn  how  to  make  different  lamps  agree  as  closely 
as  a  particular  lamp  will  agree  with  itself,  as  was  remarked 
above. 

TABLE  9 

Detennination  of  Candlepower  for  Three  English  Pentane  Lamps 


Dotofmfautlni 

» No.  118 

Sofg  No.  171 

Int  candles 

A 

Intcandlei 

A 

Int  candles 

A 

1 

9.821 
9.827 
9.846 
9.875 
9.910 
9.894 
9.880 
9.911 
'    9.870 
9.903 
9.895 
9.907 
9.872 
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9.847 
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9.876 
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17 

18 

19 

20 

21 

22 

Mean 
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a  019 

The  detenninations  of  the  Chance,  No.  116,  and  of  the  Sugg  lamp  recorded  above 
were  made  between  April  8  and  September  9,  19 10,  during  which  period  the  amount 
of  water  vapor  per  cubic  meter  of  air  varied  fiom  4  liters  to  27  liters.  The  determi- 
nations of  the  Chance,  No.  xi8,  were  mad^  between  July  x8  and  September  9,  the 
range  of  water  vapor  being  approximately  from  14  to  27  liters  per  cubic  meter  of  air. 


594  Bulletin  of  the  Bureau  of  Standards  \V6L  m 

5.  CONCLUSION 

While  much  remains  to  be  done  on  the  pentane  lamp  to  make 
it  a  thoroughly  satisfactory  flame  standard,  the  authors  believe 
that  a  much  closer  agreement  between  different  lamps,  and  a  little 
higher  degree  of  reproducibility  in  the  same  lamp,  is  possible. 
For  use  as  a  practical  standard  in  photometric  measurements, 
and  for  use  as  a  primary  standard  for  fixing  the  tmit  of  light,  the 
same  lamp  should  not  be  employed,  and  the  specifications  should 
be  appreciably  different.  One  would  not  think  of  employing  an 
ordinary  meter  bar  for  a  primary  standard  of  length,  or  of  using  an 
ordinary  precision  resistance  box  for  the  reference  standards  of  a 
national  standardizing  institution.  No  more  should  one  think  of 
using  a  pentane  lamp  that  is  not  too  good  for  a  gas  works  or  for 
ordinary  photometric  practice  as  a  primary  standard  for  fixing 
and  maintaining  the  tmit  of  light.  There  should  be  as  much 
difference  here  as  in  other  physical  standards.  Vernon  Harcourt 
has  rendered  a  great  service  to  photometry  and  to  the  industries 
in  developing  his  various  pentane  lamps,  and  the  authors  can  not 
refrain  from  expressing  their  admiration  for  the  thoroughness 
with  which  he  worked  in  the  pioneer  days  of  precise  photometry. 
His  lamp  has  stood  the  test  of  use,  and  after  years  of  criticism  it 
remains  the  most  practical  flame  standard  we  have.  Neverthe- 
less, the  results  of  this  study  indicate  that,  at  least  as  made  at 
present,  the  pentane  lamp  can  not  be  considered  as  a  reproducible 
primary  standard,  its  value  in  this  respect  being  decidedly  less 
than  that  of  the  Hefner  lamp.  If  the  principles  of  the  present 
lamp  are  to  be  applied  to  the  development  of  a  primary  standard, 
further  improvement  is  necessary,  not  only  in  the  construction  of 
the  lamp,  but  in  its  use  as  well.  Instead  *of  using  the  ordinary 
style  of  lamp,  at  any  temperatin-e  and  any  hiunidity,  with  the 
pentane  that  satisfies  ordinary  requirements,  there  should  be  a 
lamp  (or  several  lamps)  built  to  very  exact  specifications,  operated 
within  very  narrow  limits  of  temperature  and  humidity,  with 
pentane  satisfying  much  more  rigorous  requirements  as  to  density 
and  boiling  point,  and  an  atmosphere  maintained  constant  as  to 
oxygen  content  with  great  care.  With  such  painstaking  proce- 
diu-e  the  unit  of  light  can  be  fixed  with  either  the  Hefner  or  the 
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pentane  lamp  with  very  considerable  precision,  sufficient  at  least 
to  serve  as  a  valuable  check  on  the  admirable  electric  standards 
now  in  use.  It  is  with  a  view  of  contributing  something  to  the 
working  out  of  such  precise  specifications  that  the  work  of  investi- 
gation at  the  Bureau  will  be  continued. 

The  authors  are  under  obligations  to  R.  S.  McBride  for  his 
assistance  in  the  chemical  examination  of  the  fuels  employed  in 
the  lamps,  to  A.  H.  Taylor  for  assistance  in  all  the  photometric 
work  and  computations,  and  to  G.  J.  Schladt  for  similar  assistance 
in  the  later  part  of  the  work. 

Washington,  April  i,  1914. 


♦f^ 


INDEX  TO  VOLUME  10 


Acctncy  of  the  formtUat  for  the  nttiot  icgulatkn, 
and  phase  angle  of  tranaformera,  379. 

Agmew,  P,  C,  and  F.  B.  St/i6i».  Accuracy  of  the 
f  ormnlas  for  the  ratio,  regulation,  and  phase  angle 
of  transfonnert,  s7» 

American  direct  current  wattbonr  meters,  161. 

Ammeters.  High-frequency,  91. 

Atmnmheric  mnditirwi  in  the  testing  of  sugars,  53  7- 


B 


Bates,  F,  /.,  and  F.  P.  Pkdps,  Influence  of  atmosp 

pheric  conditions  in  the  testing  of  sugars,  537. 
,  G,  W,  Vmal  and.  Comparison  of  the  silver 

and  iodine  voltameters  and  the  determinatioa  of 

the  faraday,  4*5. 
Black  body.  Constants  of  spectral  radiation  of,  1. 
Brooks,  H.  B.,  Testing  potential  transformers,  4x9. 
Bt$tiingham,  E.,  Windage  resistance  of  steam  tur- 

bine  wheels.  X9i> 
Bmpess,  G,  K.,  and  J.  J,  Crowe,  Critical  ranges  A* 

and  A3  of  pure  iron,  3x5. 
,  and  R,  G,  WaUenbert,  Melting  pointo  of  the 

refractory    elements.    I — ^Blcmcnts    of    atomic 

wd^t  from  48  to  59k  99- 


eobiemiM,  W,  W.,  ConstanU  of  spectral  radiation  of 
a  unllormly  heated  indosnre,  or  so<alIed  "blade 
body."  1, 1. 

Comparative  study  of  American  direct*<urrent 
iratthour  meters.  i6x. 

Gomparisoa  of  the  silver  and  iodine  voltameters  and 
the  determination  of  the  faraday.  435. 

Constants  of  spectral  radiation  of  a  uniformly 
heated  indosure,  I,  x. 

Critical  ranges  Aa  and  A3  of  pure  iron,  313. 

CriUemdoH,  £.  C,  ottdA,  H.  Taylor,  Pentane  lamp 
as  a  working  standard,  39X. 

,  E.  B,  Rota  aitd.  Flame  standards  in  pho- 
tometry. 557. 

Crowe,  /.  /..  G,  K*  Bmfese  and.  Critical  ranges  A. 
and  A3  of  pure  iron.  3x5. 

,  H.  C.  Dukmson,  C.  W.  Waidmer,  amd.  Obser- 
vations on  ocean  temperatures  In  the  vidnlty  of 
icdbcrgs  and  in  other  parts  of  the  ocean,  S67. 


DeUmger,  J,  H.,  High-freQuency  ammeters.  91. 

DkkmsM,  H.  C,  C.  W.  Waidmer,  and  J,  J.  Crowe. 
Observations  on  ocean  temperatures  in  the  vicin- 
ity of  icebergs  and  in  other  parts  of  the  ocean.  167. 

,  D.  R.  Harper,  andN.S.  Osborne,  Intent  heat 

of  fusion  of  ice,  935. 

B 


Blectric  furnace,  Praductian  of  tcmpemtnre 

fonnlty,  in,  45X. 
Blements,  Hdting  points  of  the  ref  rsctory,  79. 


Faraday,  Determination  of  the,  435. 

Fiick,  T.  r ..  and  C,  J.  Hnber,  Compoiative  study  of 

American  direct-current  watthour  meters,  x6x. 
Flame  standards  In  photometry,  557. 
Formulas  for  the  ratio,  regulation,  and  phase  an^ 

of  transformcts,  Aocumcy  of  the,  979. 
Fusion  of  Ice,  Latent  heat  of.  •35. 


Graf,  A.  W.,  Iflcrameter 

,  Praductian  of 

dectrlc  furnace,  431. 


37S- 
uniformity  in  I 


Harper,  D.  R.,  H,  C.  DiAmson,  and  N.  S,  Osborne^ 

Latent  heat  of  fusion  of  Ice,  235. 
Heated  indosure.  Uniformly,  Constants  of  fi>ectral 

radiation  of  a,  x. 
Height,  required,  Note  on  the  setting  of  a  mercury 

surface  to  a,  37X. 
High4requency  ammeters.  9<' 
Huber,  C.  J.,  T.  T.  FUch  and.  Comparative  study  of 

Americsn  direct  current  watthour  mcten,  x6x. 


Ice,  Latent  heat  of  fusion  of.  335. 

Icebergs,  Observations  on  ocean  temperatures  In 

the  vicinity  of.  367. 
Influence  of  atmospheric  conditions  In  the  testing  of 

sugais,  537. 
lom.  Pure;  Critioal  ranges  A3  and  A3  of,  3x3. 


597 


598 


Index  to  Volume  lo 


KanoU,  C.  W.,  Hdtiac  points  of  some  refrsctory 
ooddcs,  395* 

L 

Lamp,  Pcntane,  as  a  working  standard,  391. 
Latent  heat  of  fusion  of  ice.  235. 


McDonid,  A.  5..  G.  W,  VnuU  and.  Silver  voltap 
meter — Part  IV.  Third  series  of  quantitative 
experiments  and  special  investigations,  475* 

Melting  iMints  of  some  refractory  oxides.  «95* 

If  dting  points  of  the  refractory  dements.  79. 

Mercury  surface,  Note  on  the  setting  of  a.  to  a  re- 
quired height,  37X. 

Micrometer  ndcrosoopes.  375* 


Observations  on  ocean  tempcfatures  in  the  vicinity 
of  icebergs  and  in  other  parts  of  the  ocean,  t6j. 

Ocean  temperatures,  Observatioas  on,  967. 

Osbonu,  N.  5..  D.  R.  HarPtr,  H,  C,  Dkkmson  and, 
hateat  heat  of  fusion  ol  ice.  335. 

Oxides,  refractory,  Mdting  points  of  some,  995. 


Fentane  lamp  as  a  woridng  standard.  391. 

Phase  ani^e  of  transformers,  •79* 

Phelps,  F.  P..  F.  /.  Baks  and,  Influcnoe  of  atmos- 
pheric conditions  in  the  testing  of  sugars,  537. 

Photometry.  Flame  standards  in,  557. 

Potential  transformers.  Testing,  4x9. 

Production  of  temperature  uniformity  in  an  electric 
furnace.  45X. 

R 

Radiation,  Constants  of  spectral,  of  a  uniformly 
heated  indosure,  i. 

Ranges,  Critical,  As  and  A3  of  pure  iron,  3x5. 

lUtio  of  transformers,  a79' 

Rdractory  elements,  Mdting  points  of  the,  79. 

Refractory  oxides,  Mdting  points  of  some,  995. 

Regulation  of  transformers,  979. 

Resistance  of  steam  turbine  wheels.  Windage.  191. 

Rosa,  E.  B.,  and  E,  C.  CriUtndtn,  Flame  standards 
in  photometry,  557. 

,  G.  W,  Vmal,  omdA.S.  McDanid,  Silver 

voltameter — Part  IV.  Tliird  series  of  quantita- 
tive experiments  and  special  investigations,  475. 


Setting  of  a  mercury  surface  to  a  required  height,  371. 

SiMfee,  F.  B.,  P.  G.  A  gnew  and.  Accuracy  of  the  for- 
mulas for  the  ratio,  regulation,  and  phase  angle  of 
transformers,  379. 

Silver  and  iodine  vcfltametcn  and  the  determioatiaa 
of  the  faraday,  CoovMrison  of  the,  435. 


Silver  voltameter-^Part  IV.     Third  series  of  • 
titative  experiments  and  special  investigatioas, 

475- 
Spectral  radiation  of  a  uniformly  heated  indosure; 

Constants  of,  x. 
Standard,  working,  Pcntane  lamp  as  a,  391. 
Standards,  Flame,  557. 

Steam  turbine  wheels.  Windage  resistance  of,  191. 
StiUman,  M.  H.,  Note  on  the  setting  of  a  mercnry 

surface  to  a  required  height,  371. 
Sugars,  Influence  of  atmospheric  conditions  in 

testing  of,  537. 


Taylor,  A.  H„B,C. 
as  a  working  standard.  591. 

Temperature  uniformity  in  an  dcctric  furnace;  451. 

Temperatures,  ocean,  in  the  vicinity  of  iodberv 
and  in  other  parts  of  the  ocean.  Obscrvatiana  on, 
•67. 

Testing  of  sugars.  Influence  of  atmospheric  condi- 
tions in  the,  537. 

Testing  potential  transformers,  4x9. 

Transformers,  Accuracy  of  thefomuilas  lor  thexatk^ 
regulation,  and  phase  angle  of,  979* 

Transformers.  Potential,  4x9. 

Turbine  wheels.  Windage  resistance  of,  191. 


electric 
of 


Uniformity  of  temperature  in 

45Z. 
Uniformly  heated  indosure, 
radiation  of  a,  x. 


Vmtd,  G.  W,,  and  S,  /.  Baiu,  Comparisan  of  the 
silver  and  iodine  voltameters  and  the  determina- 
tion of  the  faraday,  435. 

,  £.  B.  Rosa,  and  A.  S,  McDanid,  Silver 

voltameter — Part  IV.  Hdrd  series  of  quantita- 
tive experiments  and  q>ecial  fatvcstigations,  475. 

Voltameter,  Silver,  Part  IV.  Third  series  of  quan- 
titative cxperimettts  and  q>ecial  investigBtians. 

475- 
Voltameters,  Oomparison  of  the  silver  and  iodina, 
and  the  determination  of  the  faraday,  43s. 


w 


Waiiner,  C,  W„  H.  C.  Diekmstm,  and  J.  J,  Crt 
Observations  on  ocean  temperatures  hi  the  vi- 
cinity of  icebergs  and  in  other  parts  of  the  ocean, 
967. 

WaUtnborg,  R,  G.,  G,  K^Burgats  and,  Mdting  points 
of  the  rdractory  dements.  I-^Blenientsof  atomic 
weight  from  4S  to  59.  79< 

Watthour  meters,  American  dfrect  current,  x6x. 

Windage  resistance  of  steam  turbine  wheels,  X9X. 

Working  standard,  Pentane  lamp  as  a,  391. 


PUBLICATIONS  ISSUED  BY  THE  BUREAU  OF  STANDARDS, 

DEPARTMENT  OF  COMMERCE 

SCIENTIFIC  PAPERS 

I.  Recomparison  of  the  United  States  Prototype  Meter      .     •     .     .  L,  A,  Fischer 
3.  A  Study  of  the  Silver  Voltameter K.E.Guthe 

3.  The  So-called  Intemational  Electrical  Units Frank  A,  Wolff 

4.  The  Spectra  of  Mixed  Gases P.  G.  NuUing 

5.  On  Secondary  Spectra  and  the  Conditions  under  which  They  Hay  Be 

Produced P.  G.  Nutting 

6.  Some  New  Rectifying  Effects  in  Conducting  Gases P,G,  Nutting 

7.  On  Fibers  Resembling  Quartz  in  Their  Elastic  Properties      .     .     .     K,E,Gutli 

8.  On  the  Temperature  ofthe  Arc       .     .     .     .   C.W.  WaidnerandG.  K.  Burgess 

9.  The  Absolute  Measurement  of  Inductance      .     .      E.  B.  Rosa  and  F.  W,  Graver 
JO.  The  Absolute  Measurement  of  Capacity  .      E,B.  Rosa  and  F,  W.  Grover 

11.  Optical  Pvrometry C.W.Waidner  and  G.  K.  Burgess 

12.  On  the  Theory  of  the  Matthews  and  the  Russell-Leonard  Photom- 

eters for  the  Measurement  of  Mean  Spherical  and  Mean  Hemi- 
spherical Intensities E.P.  Hyde 

13.  The  Testing  of  Clinical  Thermometers  .     .     .   C.W.  Waidner  and  L.  A .  Fischer 

14.  Measurement  of  Inductance  by  Anderson's  Method,  Using  Alter- 

nating Currents  and  a  Vibration  Galvanometer  .   E.  B,  Rosa  and  F.  W.  Grover 

15.  Use  of  Serpentine  in  Standards  of  Inductance .  E,B,  Rosa  and  F,  W.  Grover 

16.  The  Silver  Coulometer K,  E.  Guthe 

17.  History  of  Standard  Weights  and  Measures  of  the  United  States .      ,  L.  A,  Fischer 

18.  Wattmeter  Methods  of  Measuring  Power  EsEpended  upon  Condensers 

and  Circuits  of  Low  Power  Factor E,  B.  Rosa 

19.  The  Relative  Intensities  of  Metal  and  Gas  Spectra  from  Electrically 

Conducting  Gases P.  G.  Nutting 

20.  The  Use  of  White  Walls  in  a  Photometric  Laboratory    ....£:.  P.  Hyde 

21.  Influence  of  Wave  Form  on  the  Rate  of  Integrating  Induction  Watt- 

meters      E.  B,  Rosa,  M.  G,  Lloyd,  and  C.  E.  Reid 

22.  Detector  for  Small  Alternating  Currents  and  Electrical  Waves .     .  L.W.  AusUn 

23.  The  Positive  Charges  Carried  by  the  Canal  Rays L,W.  Austin 

24.  Radiation  from  Platinum  at  High  Temperatures G,K.  Burgess 

25.  A  Five-Thousand-Volt  Generator  Set P.  G.  NuUtng 

26.  Talbot's  Law  as  Applied  to  the  Rotating  Sectored  Disk       .     .     .     E,  P.  Hyde 

27.  A  New  Determination  of  the  Electromotive  Force  of  Weston  and 

Clark  Standard  Cells  by  an  Absolute  Electrodynamometer    .     .     K,  E.  Guthe 

28.  The  Gray  Absolute  Electrodynamometer Edward  B.  Rosa 

29.  Construction  and  Calculation  of  Absolute  Standards  of  Inductance    .  /.  G.  Coffin 

30.  An  Efficiency  Meter  for  Electric  Incandescent  Lamps 

E.  P.  Hyde  and  H,  B.  Brooks 

31.  Calculation  of  the  Self -Inductance  of  Single-Layer  Coils  .     .     .  Edward  B.  Rosa 

32.  Heat  Treatment  of  High-Temperature  Mercurial  Thermometers  . 

Hohert  C.  Dickinson 

33.  A  New  Potentiometer  for  the  Measurement  of  Electromotive  Force 

and  Current H.  B.  Brooks 

34.  Spectrum  Lines  as  Light  Sources  in  Polarisoopic  Measurements    .  Frederick  Boies 

35.  Polarimetric  Sensibility  and  Accuracy P.G.  Nutting 

36.  On  the  Platinum-Point  Electrolytic  Detector  for  Electrical  Waves  .  L.  W,  At^in 

37.  The  Influence  of  Frequency  upon  the  Self-Inductance  of  Coils  .     .     J.G,  Coffin 

38.  Experiments  on  the  Heusler  Magnetic  Alloys .     .    K.E,  Guthe  and  L.  W.  Austin 

39.  A  Pocket  Spectrophotometer P.  G.  Nutting 


II  Publications  Issued  by  the  Bureau  of  Standards 

40.  Preliminary  Measurements  on  Temperature  and  Selective  Radiation 

of  Incandescent  Lamps CIV,  Waidner  and  G.  K.  Burgess 

41.  Revision  of  the  Formuls  of  Weinstein  and  Stefan  for  the  Mutual 

Inductance  of  Coaxial  Coils Edvfard  B,  Rosa 

42.  The  Mutual  Inductance  of  Two  Circular  Coaxial  Coils  of  Rectangular 

Section Edward  B.  Rosa  and  L.  Cohen 

43.  On  the  Determination  of  the  Mean  Horizontal  Intensity  of  Incandes- 

cent Lamps  by  the  Rotating  Lamp  Method  .  .  E.  P.  Hyde  and  F.  E.  Cody 

44.  Purity  and  Intensity  of  Monochromatic  Light  Sources    .  .  P,G,  Nutting 

45.  Radiometric  Investigations  of  Infra-Red  Absorption  and  Reflection 

Spectra W.W.  Coblenii 

46.  A  Vacuum  Radiomicrometer W,IV.  CoblentM 

47.  On  the  Geometrical  Mean  Distances  of  Rectangular  Areas  and  the 

Calculation  of  Self-Inductance E.  B.  Rosa 

48.  The  Compensated  Two-Circuit  Electrodynamometer       ....      E,  B.  Rosa 

49.  Complete  Form  of  Fechner's  Law .        P.G,  Nutting 

50.  A  Comparison  of  the  Unit  of  Luminous  Intensity  of  the  United  States 

with  Those  of  Germany,  England,  and  France E.  P.  Hyde 

51.  Geometrical  Theory  of  Radiating  Surfaces,  vrith  Discussion  of  Light 

Tubes E.P.Hyde 

53.  The  Influence  of  Basic  Lead  Acetate  on  the  Optical  Rotation  of 

Sucrose  in  Water  Solution F,  J.  Bates  and  J.C.Blake 

53.  On  the  Calorimetric  Determination  of  Iron,  with  Special  Reference 

to  Chemical  Reagents H.  N.  Stokes  and  J.  R.  Cain 

54.  On  Sulphocvantc  Acid H,  N.  Stokes  and  J.  R.  Cain 

55.  Radiation  from  and   Melting  Points  of  Palladium  and  Platinum 

C.W.WaidnerandG.K.  Burgess 

56.  The  Mutual  Inductance  of  a  Circle  and  a  Coaxial  Single-Layer  Coil — 

The  Lorenz  Apparatus  and  the  Ayrton-Jones  Absolute  Electro- 
dynamometer    E.  B.  Rosa 

57.  On  the  Establishment  of  the  Thermodynamic  Scale  of  Temperature 

by  Means  of  the  Constant-Pressure  Thermometer  .      .  Edgar  Buckingham 

58.  An  Exact  Formula  for  the  Mutual  Inductance  of  Coaxial  Sole- 

noids        Louis  Cohen 

59.  The  Mutual  Inductance  of  Coaxial  Solenoids  .  E.  B.  Rosa  and  L.  Cohen 

60.  The  Production  of  High-Frequency  Oscillations  from   the  Electric 

Arc ,      .      .L.W.  Austin 

61.  An  Explanation  of  the  Short  Life  of  Frosted  Lamps       ....£.  P.  Hyde 
63.  Melting  Points  of  the  Iron  Group  Elements  by  a  New  Radiation 

Method G.K.  Burgess 

63.  On  the  Determination  of  the  Mean  Horizontal  Intensity  of  Incan- 

descent Lamps Edward  P.  Hyde  and  F^  E.  Cody 

64.  Simultaneous  Measurement  of  the  Capacity  and  Power  Factor  of 

Condensers F,W,  Graver 

65.  A  New  Determination  of  the  Ratio  of  the  Electromagnetic  to  the 

Electrostatic  Unit  of  Electricity E.  B,  Rosa  and  N.  E.  Dorsey 

66.  A  Comparison  of  the  Various  Methods  of  Determining  the  Ratio  of  the 

Electromagnetic  to  the  Electrostatic  Unit  of  Electricity 

E.  B.  Rosa  and  N,  E,  Dorsey 

67.  Preliminary  Specifications  for  Clark  and  Weston  Standard  Cells  .     . 

F.  A.Wolff  and  C.  E.  Waters 

68.  Calorimetric  Resistance  Thermometers  and  the  Transition  Tempera- 

ture of  Sodium  Sulphate       H.C.  Dickinson  and  E.F,  Mueller 

69.  On  the  Standard  Scale  of  Temperature  in  the  Interval  o^  to  loo*^  C 

C.  W,  Waidner  and  H.C.  Dickinson 

70.  Clark  and  Weston  Standard  Cells F.  A,  Wolff  and  C.  E.  Waters 

71.  The  Electrode  Equilibrium  of  the  Standaid  Cell .     F.  A.  Wolff  and  C,  E.  Waters 

72.  A  Comparative  Study  of  Plain  and  Frosted  Lamps   .  E.  P,  Hyde  and  F.  E.  Cody 

73.  The  Variation  of  Resistances  with  Atmospheric  Humidity  .... 

E.  B.Rosa  and  H.D.Babcock 

74.  On  the  Self -Inductance  of  a  Toroidal  CoU  of  Rectangular  Section    . 

Edward  B.  Rosa 


Publications  Issued  by  the  Bureau  of  Standards  m 

75.  On  the  Self -Inductance  of  Circles    ....     Edward  B.  Rosa  and  Louis  Cohen 

76.  The  Influence  of  Frequency  on  the  Resistance  and  Inductance  of 

Solenoidal  Coils Louis  Cohen 

77.  The  Atomic  Weight  of  Hydrogen W.A.Nayes 

78.  The  Best  Method  of  Demagnetizing  Iron  in  Ma^etic  Testing  .      C  W,  Burrows 

79.  A  Deflection  Potentiometer  for  Voltmeter  Testmg H,  B,  Brooks 

80.  The  Self  and  Mutual  Inductance  of  Linear  Conductors  .  .    Edward  B,  Rosa 

8 1 .  The  Atomic  Weight  of  Chlorine      .      .     .      .      W.A.  Noyes  and  H,  C.  P.  Weber 

82.  The  Preparation  of  Chloroplatinic  Acid  by  Electrolysis  of  Platinum 

Black H,  C.P.Weber 

83.  The  Self -Inductance  of  a  Coil  of  any  Length  and  any  Number  of 

Layers  of  Wire Edward  B.  Rosa 

84.  Self-Inductance  of  a  Solenoid  of  any  Number  of  Layers       .  .    Louis  Cohen 

85.  Instruments  and  Methods  Used  in  Radiometry W,  W.  CobieniM 

86.  A  Quartz  Compensating  Polariscope  with  Adjustable  Sensibility    .     .  F.  /.  Bates 

87.  An  Apparatus  for  Determining  the  Form  of  a  Wave  of  Magnetic 

Flux M,G.Lhydand J.  V.S.Fisher 

88.  Effect  of  Wave  Form  upon  the  Iron  Losses  in  Transformers   .     Morton  G.  Lioyd 

89.  The  Luminous  Properties  of  Electrically  Conducting  Helium  Gas 

P.  G.  Nutting 

90.  Function  of  a  Periodic  Variable  Given  bv  the  Steady  Reading  of  an 

Instrument,  with  a  Note  on  the  Use  of  the  Capillary  Electrometer 

with  Alternating  Voltages Morton  G.Lloyd 

91.  Selective  Radiation  from  the  Nemst  Glower W.W.Coblente 

92.  The  Testing  of  Glass  Volumetric  Apparatus  .     .N.S.  Osborne  and  B.  H.  Veauy 

93.  Formulse  and  Tables  for  the  Calculation  of  Mutual  and  Self  Induc- 

tance      Edward  B.  Rosa  and  Louis  Cohen 

94.  Some  Contact  Rectifiers  of  Electric  Currents L.W.  Austin 

95.  A  Method  for  Producing  Feebly  Damped  High-Frequency  Electrical 

Oscillations  for  Laboratory  Measurements L.  W.Austin 

96.  On  the  Advantages  of  a  High  Spark  Frequency  in  Radio-Telegraphy 

L  W.Austin 

97.  Selective  Radiation  from  Various  Solids W.W.CoblenU 

98.  Remarks  on  the  Quartz  Compensating  Polariscope  with  Adjustable 

Sensibility Frederick  Bates 

99.  Methods  of  Obtaining  Cooling  Curves George  K.  Burgess 

100.  Note  on  the  Approximate  Vsdues  of  Bessel's  Functions  for  Large 

Arguments Ltmis  Cohen 

loi.  The  Influence  of  Terminal  Apparatus  on  Telephonic  Transmission 

Louis  Cohen 

102.  The  Piinciples  Involved  in  the  Selection  and  Definition  of  the 

Fundamental  Electrical  Units  to  be  Proposed  for  International 
Adoption F.  A.  Wolff 

103.  The  Luminous  Equivalent  of  Radiation P.G.  Nutting 

104.  The  Temperature  Formula  of  the  Weston  Standard  Cell    .     .     .     F.  A.  Wolff 

105.  Radiation,  Constants  of  Metals W.W.  Coblenii 

106.  Dependence  of  Magnetic  Hysteresis  upon  Wave  Form  .     .     .  Morton  G.  Lloyd 

107.  A  New  Form  of  Standard  Resistance Edward  B.  Rosa 

108.  Errors  in  Magnetic  Testing  with  Ring  Specimens     ....   Morton  G.  Llovd 

109.  The  Testing  of  Transformer  Steel  .     .     .     .     M.G.  Lloyd  and  J.  V.  5.  Fisher 
no.  A  New  Method  of  Determining  the  Focal  Length  of  a  Converging 

Lena Irwin  G.  Priest 

111.  A  New  Method  for  the  Absolute  Measurement  of  Resistance  .  Edward  B.  Rosa 

112.  The  Theory  of  Coupled  Circuits Louis  Cohen 

113.  A  Volt  Scale  for  a  Wat ts-per-candle  Meter Herbert  E,  Ives 

114.  The  Coefficient  of  Reflection  of  Electrical  Waves  at  a  Transition 

Point Louis  Cohen 

115.  A  Tungsten  Comparison   Lamp  in   the   Photometry  of  Carbon 

Lamps Herbert  E.  Ives  and  L.  R.  WootVtuU 

Z16.  The  Determination  of  the  Ratio  of  Transformation  and  of  the  Phase 

Relations  in  Transformers E.  B.  Rosa  and  M.  G.  Lloyd 

117.  The  Determination  of  the  Magnetic  Induction  in  Straight  Bars 

• .  Charles  W.  Burrows 


IV  Publications  Issued  by  the  Bureau  of  Standards 

1 1 8.  A  Method  for  Constructinsr  the  Natural  Scale  of  Pure  Color    .     .  P.  (7.  NiOHng 

119.  An  Approximate  Method  for  the  Analysis  of  EMP.  Waves      .     .    P.G.  Agnew 

120.  The  Thermoelectric  Properties  of  Tantalum  and  Tungsten      .    W,  W,  CoblenU 
131.  The  Estimation  of  the  Temperature  of  Copper  by  Means  of  Optical 

Pyrometers George  K,  Burgess,  assisted  by  J.  F,  Craige 

122.  The  Resolving  Power  of  Objectives P,G.  Nutting 

133.  The  Theory  of  the  HampsonLiquefier Edgar  Buckingham 

124.  Platinum  Resistance  Thermometry  at  High  Temperatures    .     . 

C.  W.Waidner  and  G,K.  Burgess 

135.  The  Davlijj^ht  Efficiency  of  Artificial  lUuminants H.  E.  Ives 

126.  Coupled  Currents  in  which  the  Secondary  has  Distributed  Induc- 

tance and  Capacity    Louis  Cohen 

127.  Effect  of  Phase  of  Harmonics  upon  Acoustic  Quality    .... 

M.  G.  Lloyd  and  P,  G,  Agnew 

128.  White  Light  from  the  Mercury  Arc  and  its  Complementary  Herbert  E,  Ives 

129.  The  Regulation  of  Potential  Transformers  and  the  Magnetizing 

Current M.G.  Uoyd  and  P.  G.  Agnew 

130.  The  Determination  of  the  Constants  of  Instrument  Transformers 

P.G,  Agnew  and  T.  T.  Fitdt 

131.  Selective  Radiation  from  Various  Solids,  II W.W.  Cobientx 

132.  Luminous  Efficiency  of  the  Firefly      .     .      Herbert  E.  Ives  and  W.  W.  Coblenig 

133.  Luminosity  and  Temperature        P.G.  Nutting 

134.  A  Theoretical  and  Experimental  Study  of  the  Vibration  Galva- 

nometer        F.Wenner 

135.  Specific  Heat  of  Some  Calcium  Chloride  Solutions  between  —35^  C. 

and  +30^  C     .      .      .      .    H.  C.  Dickinson,  E.  F,  Mueller,  and  E.  B.  George 

136.  On  the  Definition  of  the  Ideal  Gas Edgar  Buckingham 

137.  Mica  Condensers  as  Standards  of  Capacity Harvey  L,  Curtis 

138.  The  Mutual  Induction  of  Two  Parallel  Coaxial  Circles  in  Terms  of 

Hypcrgeometrical  Series Frederick  W.  Graver 

139.  A  New  Method  for  the  Absolute  Measurement  of  Electric  Quantity 

Burton  McCoUum 

140.  The  Comparative  Sensitiveness  of  Some  Common  Detectors  of 

Electrical  Osdllations Louis  W.  Austin 

141.  Photometric  Units  and  Nomenclature E.B.Rosa 

142.  A  Modified  Method  for  the  Determination  of  Relative  Wave  Lengths, 

Especially  Adapted  to  the  Establishment  of  Secondary  Stand- 
ards        Irwin  G.  Priest 

143.  Note  on  the  Temperature  Scale  between  100  and  500^  C.     . 

C.W.WaidnerandG.K.  Burgess 

144.  A  New  Form  of  Direct-Reading  Candlepower  Scale  and  Recording 

Device  for  Precision  Photometers George  W,  Middlekauff 

145.  A   Device. for   Measuring  the  Torque  of  Electrical   Instruments 

F.  G.  Agnew 

146.  The  Intensities  of  Some  Hydrogen,  Argon,  and  Helium  Lines  in 

Relation  to  Current  and  Pressure    .  P.G.  Nutting  and  Orin  Tugman 

147.  The  Temperature  Coefficient  of  Resistance  of  Copper    .  J.  H.  Dellingef 

148.  The  Electrical  Conductivity  of  Commercial  Copper 

F.  A.Wolff  and  J.  H.DelUnger 

149.  On  the  Constancy  of  the  Sulphur  Boiling  Point 

C.  W.  Waidner  and  G.  K.  Burgess 

150.  Note  on  Oscillatory  Interference  Bands  and  Some  of  their  Practical 

Applications .    G.O.  Sguierand  A.  C.  Crekore 

151.  The  Effect  of  Preliminary  Heat  Treatment  upon  the  Drying  of  Clays    .    . 

A.V.  Bleiningef 

152.  The  Reflecting  Power  of  Various  Metals JVAV.CoblentM 

153.  The  Action  of  Sunlight  and  Air  upon  Some  Lubricating  Oils     .    C.  E.  Waters 

154.  The  Visibility  of  Radiation.     A  Recalculation  of  Konig's  l>ata     .  P.  G.  Nutting 

155.  A  Photometric  Attachment  for  Spectroscopes P.G,  Nutting 

156.  Selective  Radiation  from  Various  Substances,  III  .     .         .     .     W.W.CobleniM 

157.  The  Measurement  of  Electrical  Oscillations  in  the  Receiving  An- 

tenna      .    .        L.W.  Austin 


Piiblicaiians  Issued  by  the  Bureau  of  Standards  V 

58.  Some  Experiments  with  Coupled  High-Preauency  Circuits   .    .    .    L.W.Atutin 

59.  Some  Quantitative  Experiments  in  Long  Distance  Radiotelegraphy 

60.  The  Behavior  of  High-Boiling  Oils  on  Heating  in  the  Air    .     .     .    C.  E,  Waters 
6z.  The  Determination  of  Vanaditmi  in  Vanadium  and  Chrome- Vanadium 

Steels /.  /?.  Cain 

6a.  On  the  Computation  of  the  Constant  C,  of  Planck's  Equation  by  an 

Extension  of  Paschen '3  Method  of  Equal  Ordinates 

Edgar  Buckingham  and  J,  H.  DeUinger 

63.  A  Comparison  of  American  Direct  Current  Switchboard  Voltmeters 

and  Ammeters T,T.  Fitch  and  C  /.  Huber 

64.  Study  of  the  Current  Transformer  with  Particular  Reference  to  Iton 

Loss P,G,  Agnew 

65.  Thermodynamics  of  Concentration  Cells Henry  S.  Carhari 

66.  The  Capacity  and  Phase  Difference  of  Paraffined  Paper  Condensers  as 

Ftmctions  of  Temperature  and  Frequency Frederick  W.  Graver 

67.  The  Steam  Expansion  Line  on  the  Mollier  Diagram  and  a  Short 

Method  of  Findinj^  the  Reheat  Factor Edaar  Buckingham 

68.  Radiometric  Investigation  of  Water  of  Crystallization,  Light  Filters, 

and  Standard  Absocption  Bands    . W.W,  CohlenU 

69.  Formulas  and  Tables  lor  the  Calculation  of  Mutual  and  Self  Induc- 

tion (3d  edition,  revised  and  enlarged)    .    E,  B,  Rosa  and  Frederick  W,  Graver 

70.  The  Correction  for  Emergent  Stem  of  a  Mercurial  Thermometer 

Edgar  Buckingham 

71.  Thermometric  I^ D.  R,  Harper 

7a.  Deflection   Potentiometers  for  Current  and  Voltage  Measurements 

H.B,  Brooks 

73.  Outline  of  Desi^  of  Deflection  Potentiometers  with  Notes  on  the 

Design  of  Movmg-Coil  Galvanometers H.  B.  Brooks 

74.  The  Determination  of  Total  Sulphur  in  India  Rubber 

C.  £.  Waters  and  J,  B.  Tuttle 

75.  The  Measurement  of  the  Inductances  of  Resistance  CoUs     .... 

Frederick  W.  Graver  and  Harvey  L.  CUrtis 

76.  Luminous  Properties  of  Electrically  Conducting  Helium  Gas.    II. 

ReproducibiHtT P.  G.  Nutting 

77.  Resistance  Coils  for  Alternating  Current  Work    .    H.  L.  Curtis  and  F.  W.  Graver 

78.  The  Hydrolysis  of  Sodium  Oxalate  and  Its  Infltience  Upon  the  Tests 

for  Neutrality WilltamBlum 

79.  Wave-Lengths  of  Neon Irwin  G,  Priest 

80.  On  the  Deduction  of  Wien's  Displacement  Law Edgar  Buckingham 

81.  The  Four-Terminal  Conductor  and  the  Thomson  Bridge    .     .     .    Frank  Wenner 
83.  Standardization  of   Potassium  Permanganate  Solution  by  Sodium 

Oxalate R.S.  McBride 

83.  Benzoic  Acid  as  an  Acidimetric  Standsuid G,W.  Morey 

84.  A  Tubular  Electrodynamometer  for  Heavy  Currents P.  G,  Agnew 

85.  Thermometric  Lag D.  R.  Harper 

86.  Determination  of  Manganese  as  Sulphate  and  by  the  Sodium  Bis- 

muthate  Method William  Blum 

87.  A  New  Precision  Colorimeter  . P,G,  Nutting 

88.  Instruments  and  Methods  Used  in  Radiometry,  II    ,    ,    .    .    W,  W,  Coblentg 

89.  Antenna  Resistance L,W,  Austin 

90.  Eneigy  Losses  in  Some  Condensers  Used  in  High-Frequency  Circuits 

L.W,  Austin 

91.  Selective  Radiation  from  Various  Substances,  IV W,W,  CohlerUt 

9a.  On  a  Modified  Form  of  Stability  Test  for  Smokeless  Powder  and 

Similar  Materials H.C.  P.  Weber 

93.  Atomic  Weight  of  Bromine H.C»P.  Weber 

94.  The  Silver  Voltameter. — Part  I.  First  Series  of  Quantitative  Experi- 

ments  E.  B.  RosaandG.W.  Vinal 

95.  The  Silver  Voltameter.— Part  II.    The  Chemistry  of  the  Filter  Paper 

Voltameter  and  the  Explanation  of  Striations    .    E.  B,  Rosa  andG.  W.  Vinal 

96.  The  Diffuse  Reflecthig  Power  of  Various  Substances    .     ,     ,     W,W,  CoblentM 


VI  Publications  Issued  by  the  Bureau  of  Standards 

Z97.  Density  and  Thermal  Bxpansifm  of  Ethyl  Alcohol  and  of  Its  Mix- 
tures with  Water     .    .    .    N.  5.  Osborne,  E,  C.  McKelvy,  and  H.  W.  Bearc9 

198.  A  Micropyrometer G.  K.  Burgess 

Z99.  A  Simpliiied  Formnla  for  the  Change  in  Ordered  Interference  Due 

to  Chang^es  in  Temperature  and  Pressure  of  Air /.  G.  Priui 

aoo.  New  Calormietric  Resistance  Thermometers 

H.C.  Dickinson  and  B.  F.  MueUer 

30Z.  The  Silver  Voltameter. — Part  III.  Second  Series  of  Quantitative  Ex- 
periments and  the  Preparation  and  Testing  of  Silver  Nitrate 
E.  B.Rosa,  CW.Vinal,  and  A.  S.McDaniel 

903.  Note  on  Cold- Junction  Corrections  for  Thermocouples P,  D,  FooU 

aoj.  The   Analysis  of   Alternating  Current  Waves  by  the  Method  of 

Fourier,  with  Special  Reference  to  Methods  of  Facilitating  the 
Computations F.  W.  Grover 

904.  The  Constants  of  Spectral  Radiation  of  a  Uniformly  Heated  In- 

closure  or  So-Called  Black  Body,  Part  I W.W.  Coblenis 

905.  Melting  Points  of  the  Refractory  Elements. — I.  Elements  of  Atomic 

Weight  from  48  to  59 O.K.  Burgess  and  R.  G.  WalUnberg 

906.  High-Frequency  Ammeters J-  H.  DeUdnger 

207.  A  Comparative  Study  of  American  Direct-Current  Watthour  Meters 

T.T,FitchandC,J,Huber 

908.  Windage  Resistance  of  Steam  Turbine  Wheels E.  Buckinaham 

2og,  LatentHeatof  Fusion  of  Ice  .  H,  C.Dickinson,  D.R.Harper,  and  N.S,Oslome 
9X0.  Observations  on  Ocean  Temperatures  in  the  Vicinity  of  Icebergs  and 

in  other  Parts  of  the  Ocean  .  C.  W.  Waidner,  H.  C.  Dickinson,  and  J.  /.  Crojoe 
91  z.  Accuracy  of  the  Formulas  for  the  Ratio,  Regulation,  and  Phase  Angle 

of  Transformers P.G.  Agnew  anaF.  B.  Silsbee 

919.  Meltin^Pointsof  Some  Refractory  Oxides C.W.KanoU 

2x3.  The  Critical  Ranges  A2  and  A3  of  Pure  Iron  .  •  G.K.  Burgess  and  J.  J.Crowe 
314.  Note  on  the  Setting  of  cPMercury  Surface  to  a  Required  Height  .  M.ti.SHUmatt 
3x5.  Micrometer  Microscopes A.W.Gray 

316.  The  PentaneLampas  a  Working  Standard  .    .  E.C.  CriitendenandA.il. Taylor 

317.  Testing  Potential  Transformers H.B.Brooks 

3x8.  Comparison  of  the  Silver  and  Iodine  Voltameters  and  the  Determina- 
tion of  the  Faraday .     .     .    G.W.  Vinal  and  S.  1.  Bates 

919.  Production  of  Temperature  Uniformity  in  an  Electric  Furnace    .     A.W.  Gray 

330.  The  Silver  Voltameter.— Part  IV.  Thud  Series  of  Quantitative  Ex- 
periments and  Special  Investigations 

E.  B.  Rosa,  G.W.  Vinal,  and  A.  S.  AicDaniel 

931.  Influence  of  Atmospheric  Conditions  in  the  Testing  of  Sugars   .     .     . 

F.J. BoiesandF. P. Phelps 

933.  Flame  Standards  in  Photometry E.  B.  Kosa  and  E.  C.  Crittenden 

CIRCULARS 

No.    I.  Verification  of  Standards  and  Measuring  Instruments. 

No.    9.  Measurements  of  Length  and  Area,  Including  Thermal  Expanaon« 

No.    3.  Verification  of  Standards  of  Mass. 

No.   4.  Verification  of  Standards  of  Capacity. 

No.   5.  Testing  of  Clinical  Thermometers.  . 

No.    6.  Fees  for  Electric,  Magnetic,  and  Photometric  Testing. 

No.    7.  Pyrometer  Testing  and  Heat  Measurements. 

No.    8.  Testing  of  Thermometers. 

No.  9.  Testing  of  Glass  Volumetric  Apparatus. 

No  10.  Legal  Weights  (in  pounds)  per  Bushel  of  Various  Commodities. 

No.  II.  The  Standardization  of  Bomb  Calorimeters. 

No.  12.  Verification  of  Polariscopic  Ap^atus. 

No.  13.  Standard  Specifications  for  the  Purchase  of  Incandescent  Electric  Lamps. 

No.  14.  AxMdyzed  Irons  and  Steels — ^Methods  of  Analysis. 

No.  15.  The  International  Unit  of  Light. 

No.  16.  The- Testing  of  Hydrometers. 


Pubticaiions  Issued  by  the  Bureau  of  Standards  vii 

No.  17.  Magnetic  Testine. 

No.  18.  Standard  Sheet  Metal  Gauge. 

No.  19.  Standard  Density  and  Volumetric  Tables. 

No.  20.  Testing  of  Electrical  Measuring  Instruments. 

No.  21.  Precision  Measurements  of  Resistance  and  Electromotive  Force. 

No  22.  Standard  Specifications  for  Transformers,  Oil-immersed,  Self-cooled,   60- 

cyde,  aaoo  Volts. 
No.  23.  Standardization  of  Electrical  Practice  in  Mines. 
No.  24.  Publications  of  the  Bureau  of  Standards. 
No.  25.  Standard  Analyzed  Sampler— General  Information. 
No.  26.  Analyzed  Iron  and  Manganese  Ores — Methods  of  Analysis. 
No.  27.  The  Testing  and  Properties  of  Optical  Instnmients. 
No.  28.  The  Determination  ot  the  Optical  Properties  of  Materials. 
No.  29.  Announcement  of  a  Change  in  the  Value  of  the  International  Volt. 
No.  30.  Lime:  Its  Properties  and  Uses. 
No.  31.  Copper  Wire  Tables. 

No.  32.  Standard  Regulations  for  Manufactured  Gas  and  Gas  Service. 
No.  S3-  United  States  Government  Specification  for  Portland  Cement. 
No.  34.  The  Relation  of  the  Horsepower  to  the  Kilowatt. 
No.  35.  Melting  Points  of  Chemical  Elements. 
No.  36.  The  Testing  and  Properties  of  Electrical  Condensers. 
No.  37.  Electric  Wire  and  Cable  Terminology. 
No.  38.  The  Testing  of  Mechanical  Rubber  Goods. 
No.  39.  Specifications  for  and  Measurement  of  Standard  Sieves. 
No.  40.  Sodium  Oxalate  as  a  Standard  in  Volumetric  Analysis. 
No.  41.  Testing  and  Properties  of  Textile  Materials. 
No.  42.  Metallographic  Testing. 
No.  43.  The  Metric  Carat. 
No.  44.  Polarimetry. 
No.  45.  The  Testing  of  Materials. 
No.  46.  The  Testing  of  Barometers. 

No.  47.  Units  of  Weight  and  Measure;  Definitions  and  Tables  of  Equivalents. 
No.  48.  Standard  Methods  of  Gas  Testing. 

TECHNOLOGIC  PAPERS 

z.  The  Effect  of  Preliminary  Heat  Treatment  upon  the  Drying  of  Clays 

(53  pp.) A.V.BUininger 

2.  The  Strength  of  Reinforced  Concrete  Beams.    Results  of  Tests  of  333 

Beams  (first  series)  (200  pp.) R,  L,  Humphrey  aiuTL.  H»  Lossg 

3.  Tests  of  Absorptive  and  Permeable  Properties  of  Portland  Cement 

Mortars  and  Concretes,  Together  with  Tests  of  Damp  Proofing  and 
Waterproofing  Compounds  and  Materials  (127  pp.)   ....    Rudolph  J.  Wig 

4.  The  Effect  of  Added  Fatty  and  Other  Oils  upon  the  Carbonization  of 

Mineral  Lubricating  Oils  (14  pp.) C.E.  Waters 

5.  The  Effect  of  High-I^essure  Steam  on  the  Crushing  Strength  of  Port- 

land Cement  Mortar  and  Concrete  ^25  pp.) R.  J.  Wig 

6.  The  Determination  of  Chromium  and  Its  Separation  from  Vanadium, 

in  Steels  (6  pp.) J.  R,  Cain 

7.  The  Testing  of  Clay  Refractories,  With  Special  Reference  to  Their 

Load  Carrying  Capacity  at  Furnace  Temperatures  (78  pp.)  .    .     . 
A.  V.  Bleininger  and  G.  H,  Brown 

8.  A    Rapid   Method  for  the  Determination  of  Vanadium  in  Steels, 

Ores,  etc.,  Based  on  Its  Quantitative  Inclusion  by  the  Phospho- 
molybdate  Precipitate  (20  pp.) J,  R.Cainand  J,C.  Hostetier 

9.  The  Density  and  Thermal  Expansion  of  Linseed  Oil  and  Turpentine 

(27  pp.) H.W.Bearce 

10.  The  Meltmg  Points  of  Fire  Bricks  (17  pp.) C.  W.  Kanoli 

zz.  Comparison  of  Five  Methods  Used  to  Measure  Hardness  (27  pp.)    .    . 

Ralph  P,  De  Vries 

Z2.  Action  of  the  Salts  in  Alkali  Water  and  Sea  Water  on  Cements  (157 

pp.) P.H.  BaUs,  A.  J.  Philips,  and  R,  J.  Wig 


vni         Publications  Issued  by  the  Bureau  of  Standards 

13.  The  Evaporation  Test  for  Mineral  Lubricating  and  Transformer  Oils 

(13  pp.)       C.  E,  Waters 

14.  Legal  Specifications  for  Illuminating  Gas  (31  pp.)    .    E.B.RasaandR,S,McBfidt 

15.  Surface  Insulation  of  Pipes  (44  pp.)    .     .    .    Burton  McCoUwm  and  O.  5.  Peten 
z6.  The  Manufacture  of  Lime  (130  pp.) W,E,EmUy 

17.  The  Function  of  Time  in  the  Vitnfication  of  Days  (26  pp.)  .... 

O.  H.  Brown  andG.  A,  Murray 

18.  Electrolysis  in  Concrete  (137  pp.)  .  E.  B,  Rosa,  Burton  McCoUum,  and  O.  S.  Peters 

ig.  Physical  Testing  of  Cotton  Yams  (31  pp.) W»S.  Lewis 

ao.  Determination  of  Sulphur  in  Illuminating  Gas  (46  pp.) 

R.S,  McBride  and  E,  R,  Weaver 

31.  The  Dehydration  erf  Clays  (2$  pp.)     .    .    .    G.H,  Brown  and  E,  T,  Montgomery 

32.  The  Effect  of  Overfiring  Upon  the  Structure  of  Clays  (23  pp.)  .    .    . 

A.V,  Bkininger  and  E.  T.  Montgomery 

33.  The  Technical  Control  of  the  Colloidal  Matter  of  Clays  (i  z8  np.)    .    H.  E,  Ashley 

34.  The  Determination  of  Phosphorus  in  Steels  Containmg  Vanadium 

(11  pp.) J,  R.Cain  and  F.H.Tudher 

35.  Electrolytic  Corrosion  of  Iron  in  Soils  (69  ppj 

Burton  McColIum  and  K.  H.  Logaim 

36.  Earth  Resistance  and  Its  Relation  to  Electrolysis 

Burton  McCoUum  and  K,  H.  Logan 

37.  Special  Studies  in  Electrolysis  Mitigation.    I.  A  Preliminary  Study 

of  Conditions  in   Springfield,  Ohio,  with   Recommendations  for 
Mitigation  and  Control  (55  pp^    ....£.  B.  Rosa  and  Burton  McCoUmm 

38.  Methods  of  Making  Electrolysis  Surveys  .  Burton  McCollum  and  A,  H,  Aklbom 

39.  The  Variation  in  Results  of  Sieving  with  Standard  Cement  Sieves 

(16  pp.) R,  J,  Wig  and  J.  C.Pearson 

30.  The  'N^scosity  of  Porcelain  Bodies  (iz  pp.)     .     A.  V.  Bieininger  and  Paul  Teetor 

31.  Some  Leadless  Boro-Silicate  Glazes  Maturing  at  about  zioo°  C.  (22  pp.) 

E.T.  Montgomery 

33.  Special  Studies  in  Electrolysis  Mitigation,  No.  3.  Electrol3rsts  from 
Electric  Railway  Currents  ajid  Its  Prevention — ^Experimental  Test 
on  a  System  of  Insulated  Negative  Feeders  in  St.  Louis  (34  pp.) 

E.  B.  Rosa,  Burton  McCoUum,  and  K.  H.  Logan 

33.  Determination  of  Carbon  in  Steel  said  Iron  by  the  Barium  Carbonate 


Titration  Method  (12  pp.) L  R.  Cain 

34.  Ueterminationof  Ammonia  in  Illuminating  Gas  (23  pp.)   ....  J.  t>.  Edwards 

35.  CcMtnbustion  Method  for  the  Direct  Determinationof  Rubber  (zx  pp.)  .  L.G.  Wesson 

36.  Industrial  Gas  Calorimetry C.W.  Watdner  and  E.  F.  Mueller 

37.  Iodine  Number  of  Linseed  and  Petroleum  Oils    .    W.  H.  Smith  and  J.  B.  TuUls 

HISCELLANEOUS 

International  Metric  System.     TChart.) 

Tables  of  Equivalents  of  Unitea  States  Customary  and  Metric  Weights  and  Meas- 
ures.    (See  Circular  47 . ) 
The  International  Metric  S^tem  of  Weights  and  Measures.    fPamphlet.) 
First  Conference  on  the  Weights  and  Measures  of  the  Uziited  States. 
Second  Annual  Conference  on  the  Weights  and  Measures  of  the  United  States. 
Third  Aimual  Conference  on  the  Weights  and  Measures  of  the  United  States. 
Fourth  Azmual  Conference  on  the  Weights  and  Measures  of  the  Unit<Ml  States. 
Fifth  Annual  Conference  on  the  Weights  and  Measures  of  the  United  States. 
Sixth  Annual  Conference  on  the  Weights  and  Measures  of  the  United  States. 
Seventh  Annual  Conference  on  the  Weights  and  Measures  of  the  United  States. 
Eighth  Annual  Conference  on  the  Weights  and  Measures  of  the  United  States. 
State  and  National  Laws  Concerning  the  Weights  and  Measures  of  the  United 
States  (second  edition). 
The  National  Btu'eau  of  Standards.     (Descriptive  pamphlet.) 
Report  of  the  International  Committee  on  Electrical  units  and  Standards. 


This  book  BhoaM  be  retamed  to 
the  lAbnry  od  or  before  the  laet  date 
e  tamped  belovr. 

A  fine  of  five  oente  a  day  ia  Inenrred 
by    retaintnt    it    beyond    the    apeoified 


